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PREFACE
Advan.ced ceramics, such as aluminum oxide, silicon nitride, silicon carbide, and
zirconia are difficult to shape and finish, in general, owing to their high hardness and
brittleness. With conventional grinding and polishing techniques surface damage is
inherently present on the workpiece in the fonn of pits, and scratches, and subsurface
damage in the form of lateral and median cracks. These defects affect the perforrrumce and
reliability of the products in service. Diamond abrasive is invariably used for grinding as
wen as for polishing. Consequently, the cost of finishing is high and the time taken for
finishing is also significantly long, sometimes taking several weeks.
Conventional material removal using abrasives harder than the work material
involves abrasion leaving scratches, pitting, and fine cracks on the surface. In contrast,
cherno-mechanical polishing (also called mechano-chemical polishing) depends on the
chemical interaction between the abrasive, the workmaterial, and the environment.
Oftentimes, the abrasives used are about the same hardness or softer than the workmaterial.
Consequently, no groov,e formation is expected with these abrasives leading to a smooth
surface. Hence, for finishing advanced ceramics cherno-mechanical action is rather an
attractive proposition especially during the final stages of polishing.
The chemo-mechanical process initiates a chemical reaction between an abrasive and
the work material which have high chemical affinity for each other. The process generally
produces a weaker reaction product compared to either the abrasive or the workrnateriaL
The environment used can facilitate this chemical action. The reaction product thus fonned
is brittle and subsequently removed by the abrasive action. This results in producing a
smooth surface. However, the presence of defects such as pits, grooves from an earlier
semifinishing operation can still exist in the final operation unless aU the defects are
removed by this operation.
The present investigation focuses on the cherne-mechanical polishing of hot
isostatically pressed Si3N4 balls and rollers. Magnetic float polishing technique with a
water based magnetic fluid was used for finishing balls and magnetic abrasive finishing
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technique using magnetic abrasive conglomerate was used for finishing rollers. B4C, SiC,
and Cr2O:3 were used as abrasives, with the fonner two being harder than the silicon nitride
workmaterial and the later being about the same or slightly softer than the workmaterial. As
will be shown, the material removal mechanism in the latter case is by cherno-mechanical
polishing.
Si3N4 oxidizes rapidly in air above 1000 °c. The presence of water enhances
oxidation of Si3N4• The surface silica layer formed on Si3N4 during oxidation further
reacts with water to fonn Si(OH)4' This reaction also produces NH3 gas as a by product.
Thennodynamic analysis confmned the action of water in enhancing oxidation of Si3N4.
Gibb's free energy analysis showed that the reaction proceeds more readily in water up to
500 °c. Flash temperatures developed at the real areas of contact during polishing were
determined using a moving disc heat source model and were found to be in the range of
1200-2000 0c.
Wear debris was collected after polishing and analyzed using an ABT 32 scanning
electron microscope (SEM) with a Kevex energy dispersive X-ray microanalyzer and a
Seimens X-ray diffractometer (XRD). Similarly, the finished balls and rollers were
examined in the SEM and TalySurf for surface characterization and surface roughness
measurements, respectively. ~.~~ ,analysis showed that the Si3N4 w~ar p~ic1es formed
by the abrasive action are coars~r ,in ~he casC?o 0~.,B.4.~ .a.':l.~_§.~G.~Q~s~~e.sc()mp~~d t? <;r203- ...__ .. - .-. '. ..- .. ,,~. '., .',,~... ". ,... ~' . -
abrasive, suggesting that most of the material is removed mechanically in the, former case.
_~...-_._.•_--.." >l_-r.. -" ". . .,. '.. . -". • ..• ,
Particle cleavage has resulted in the dislodgement of grains. Although, the surface finish
obtained with SiC and B4C abrasives was inferior to that obtained with Cr203 abrasives,
the material removal rates were higher.
Based on the experimental evidence as well as the theoretical analysis, a new model
of cherno-mechanical polishing of silicon nitride with chromium oxide abrasive was
developed. XRD analysis of the ball polished with Cr203 showed the presence of-, ..... , .,-_.;'. .-
chromium nitride and chromium silicate in detectable amounts suggesting the formation of
solid-:"'g;;seous ~'a~~i'~n at high temperatu~,;.·Chrorrlium"in its oxidation state of 3+ can
... . ..
react with nitride ions and provide a source for the excess nitride ions to diffuse into the
abrasive material. This can have a major effect in enhancing the oxidation of silicon nitride.
D~~_t~ this reactio~, the,.l:lJ11,?unt of nitroge~gasII!c:>le~ul~s g~_n~~t~<ijJ!)he..gl.!l~}?LslE~~n
nitride can be reduced. This facilitates in achieving a surface with almost no porosity even
_· ...·_~-....-.....-'..'.."7 ~...~ _,,,,
with continuous oxidation during the polishing process. X-ray diffraction analysis also
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showed the presence of chromium silicate which can fonn by reacting silica with chromium
__--~~ , •••• ~ • _.' •• , '. -_ ..... ." ...... - •• - ~.... -," ••,~,- ,". ~~ ...~ ... ,. - .....J ,.~ ... ,.-. .,' ..... ; ... , ... ~ '-~~ •••• ~." .. ', • ,<. ".', A,....... ·,,_.. ...... •...,.. • ... ...,....-"".....
oxide, when chromium is in its 2+ state. This brittle reaction product can then be removed_..-.-...- ---_.._--,- - ~. __. -.. , '.'
during subsequent mechanical action by the abrasive. Chromium oxide, besides
participating in the fonnation of the reaction products also facilitates in funher enhancing
the oxidation of silicon nitride.
In conclusion, it may be pointed out that polishing of silicon nitride workmaterial
with chromium oxide abrasive yields the best surface finish with minimal surface and
subsurface defects. Use of carbide abrasives, on the other hand, results in higher material
removal rates but at the expense of surface finish.
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The development of high performance ceramics (or advanced ceramics) is
stimulating major advances in a large spectrum of industries including machine tools,
electronics, manufacturing engineering and chemical and metallurgical processing. In
contrast to the traditional ceramics, which are natural and complex mixtures of diverse
oxides and carbides and silicates, high perfonnance ceramics are processed using relatively
pure materials and compacted close to theoretical densities. Alumina, zirconia, silicon
carbide and silicon nitride are the most important materials among high perfonnance
ceramics. In this category, Silicon nitride is the most widely used material for structural
applications.
Table 1.1 lists some of the thermo-mechanical properties of various advanced
ceramics [Schnieder, 1991]. It can be seen that silicon nitride has better thermal and
mechanical properties than most other advanced ceramics. It has superior thennal shock
resistance which makes it useful for applications which require rapid thermal cycles [Katz,
1985, 1989, and 1994]. Its coefficient of thennal expansion is low, making it the ideal
material for application which demands high dimensional accuracy. Its fracture toughness
is the highest among structural ceramics apart from tetragonal zirconia. It has the least
coeffident of friction and its failure mode is by spalling instead of catastrophic brittle
fracture as in other advanced ceramics, which makes it to be used as a high speed roller and
ball bearing material for aerospace applications.
1.1. PROBLEMS ASSOCIATED WITH CONVENTIONAL FINISHING OF
CERAMICS
Structural ceramics are formed into desired shapes generally by the powder
metallurgy route. This involves pressing of fine raw powders to the required shape in a die
under the application of pressure. This is known as a green compact. The compact is
subsequently fired at· a high temperature (and hydrostatic pressure) to obtain a dense
product. Grinding and polishing are the most imponam techniques used for finishing
1
Table 1.1 Thenno-mcchanical propc:nies of ceramics (Schnieder. 1991]
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many advanced ceramics. However, these materials are very difficult to finish by
conventional grinding and polishing techniques due to their high hardness and brittleness.
Diamond grinding wheels and diamond polishing compounds are invariably used to shape
and finish ceramics. High precision, rigid machine tools, with high power and speed
capabilities are required for this application. The product is finished to the final dimensions
before it is put into service.
Because of the hardness and brittleness associated with ceramics, the finished
product always suffers the grinding and polishing damage [Marshall, 1983l. Figure L 1.1
is a schematic showing ~e network of crack fonnanoo in ceramics under a sliding indenter
....;... p •• , .' _,' -.'" - .. ~ " P'._~,._._ ~ r ·., ·.c _ ..---.---:-.- _ .',,_ - , •. 0" •. _., _.• tl, ·, ..., _ ••. __ _
[Marshal, 1983]. Median cracks are formed perpendicular to the direction of polishing and
ied~~~·th~·~echanic~-~~~~~;ties considerably. Lateral cracks, on the other hand, extend
............-" .-- " .
parallel to the direction of polishing and cause groove formation on the surface which
ultimately contributes towards failure of the part by acting as a ~e~s concentrator.
Grinding, also, leaves high residual stresses in these materials which can reduce the...~,.'--, "-·-~.~T ~"",-","".,.., .. _'o>f".; ..... '''''''~rj.o.''V"''."...,._ool_ .....
mechanical properties of the material significantly. ~venJW111~r heat ~eatment, in most
cases, cannot eliminate these defects. Conventional polishing techniques such as lapping,........... ,~,~,.......-.-....... ~. _;~ '.. ... ~ ., ..•. , '-""_..-....._'....~.···~·~.t.,....l!,....... ~J'!>'\~.,.... "__._,,,
though using ultrafine abrasives of the order of submicron size, leave a polished surface
with occasional pits and scratches on the surface. These act as stress raisers during service
and initiate premature failure. As already pointed out, subsurface damage is also present in
these materials in tenns of lateral and median crack development. These defects could only
be minimized when ultrafine abrasives were used in the polishing but could not be
eliminated altogether. Figure 1.1.2 is a §~.M !!1~<;ro.gr,~p~.~h9wir:tg subsurface dam~ge
generat~.t~La!~mtmulu.ri.D.g~.s.urfa.(;,.egri.n(:it.ngU!~k.i,~,,~~~!., .192~1 Figure 1.1.3 is the
....~.....,,-.-.............--, .... .
SEM micrograph of the ground surface of alumina showing these defects [Hockin, 19941,
1.2. CHEMOMECHANICAL POLISHING
To provide a defect free surface with a high rate of polishing and good finish, a
new polishing m~t.h~ ,!.as devel9.p"~d [Yasunaga eta1., 1978; Vora et 311., 1982; Sugila et
_ •.~---- •.. _-. __.• _... . ' ," -.- ~I"'" • __._ ••_ •. ¥._._.,._.,~"_ - - ...'.-
aI., 1986; and Kikuchi et al.,.1992]. This process is known as chemo11.1echanical polishing
.••__ .-.... ' .' "~-:'.-w"" _,.0:0-;."- ",,>-,_... . '. - .•
and depends on the availability of a certain threshold pressure and temperature at the contact
~ •._•• · ...,-_··_-'-......-/·~" ...·~~ ..•v. "'---..:.-_,,_•• ~._ ..•••.• " ...-._, ~:,.,,,.. _.-.,._ ... -,... ,, :" . .~_ .... _~.-I'o".- _.- ..... - ......~ •.• ~ ....-~....~
zone of the polishing process, provided a chemical reaction layer c~!l..~~~ by the










1....~igure 1.1,1 Schematic Showing the network of crack
'\ fonnation in cennics under
a sliding indenter [Marshal, 1983]
Figure 1.1.2 SEM micrograph showing subsurface
damage in alumina during surface
grinding [Hockin. 1994]
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interaction of the abrasive and workmaterial~ and the environment. The exact values of
~-----."",-.--•..~, " _-_ -......._.--~ "'-' -..,....,'~ -. -_ ..__ .•.. ~ , ~.~.... ~"--'" .,._ _ '._ ~ ...
pressure and temperature detennine the type of reaction product that can fonn for a given
pair of workmaterial and abrasive in a given environment.
Figure 1.2.1 is a schematic of the chemo-mechanical p<))ishing.process[Uematsu,
_---- ••- r.. ,_ •._ .••• " •. 0•• 0_'_..-,. __ ." _. .. -.~~------_._-••.. -_. ~__
1993]. The zone at the vicinity of the contact ~tween the abrasive and work piece is called_0.- -.---.._...' .
the micro-reaction zone. Chemkal reactions are anticipated to occur in this zone and the
reaction product is subsequently removed, due to the subsequent abrasive action. In
principle, an abrasive with a high chemical affmity towards the workmaterial (and not
necessarily an abrasive harder than the workmaterial) is used as the polishing medium. The
" .. _ .. i
environment can also play an important role in the process. During polishing a reaction
product, generally, a brittle, intennetallic compound is formed. This product is weaker
than either the abrasive or the workmaterial. Since chemical action is the predominant
mechanism of material removal in this process. it would facilitate the use of abrasives
which are softer compared than the workmateriaL Such a situation would eliminate
scratching and other damage to the workmaterial and at the same time enable the removal of
material. at reasonable rates. Therefore, this process, under controlled conditions, has the
potential to yield high material removal rates and give high surface finish with a scratch free
surface and perhaps a surface free of subsurface defects.
Gh~~Qm~:bAnif~ PQl~~P.iM.i.~_:!'!.~,c::h.' -p'.~;~~jIL~h~_ .~m£Q.I,l. i~gYHD' (Namba and
Tsuwa, 1977, 1979]. Compound semiconductor crystals of groups III and V families such
as GaAs. GaP and InP and groups II and VI families such as CdTe and ZnSe require a
high quality polished surface which is strain and stress free [Karaaki-Doy, 1989]. The
polishing method uses a ~!8~.!.Y.~~t~9~.§.Q4.hmlbr.Qmi,J~-~§Ql~~j.2!!,..as the polishing medium.
Typically, the composition of the medium is 69.0% NaBr02• 1.8% NaBr03, 0.6% NaOH
and 27.3% water. The pH of the solution is maintained at 12.5. Conoidal silica particles of
about 100 Aand 0.5% vol. are used in solution. The solution ;~~~ts with the surface and
_ ... _"'_ ........-.... ~. "- •." ...:... _....._".,~,...r .....·. ,.,.".~,_~-,-:. .. , ..•;'-/ '··:.~_w"""'~.·...,'::r.., .. ,"J":-;.. :;1. .'..... r""
the reaction product is removed by the mechanical action of the abrasives. A surface finish
of the order of about 10 Aor less is obtained. with a material removal rate of about
___--..~_ -- ,--" ,~.t..-.·.,,....,· ,..-, -: ,1'._." ' .LA...:. ~ " ' ••••.. ,_. _ ••••• '_ .-.r .• _. ,' •..
IIJ.Il1/~~~e .
......"'CoI'..,;:.....
Single crystal silicon substrates used in the electronics application are polished
using a"KOH solution with o.i1imZ~02 abra~iye [Karaaki-Doy, 1993]. An abrasive
............. ...."........,.. " ..... ,.. .'", - .' ""-,
concentration of about 20 Wt %., with a 1.5M concentration of KOH, yielded a materia!
r:~()Val r:a~e o.f ~t)(~)l~t JJ.1~nnn and a surface roughness of about ???.A.
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Figure 1.2.1 Schematic of the chemomechanical polishing process [Uematsu, 1993)
(a) Lapped eurrao. with 8\1111 SiC
••• ~. .., '-' ••• -. -,_.. ... _ ..... - - >,,", ..
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• , " • rII ••~ -.' • • • .. • • .. ;,. ..' .,. _ .", 'f .., '." 0" •
" •••••#O~ III .. " ~.•. _.• , a- ' ".. :,.r.A " .,.~ ~tt .
.... Cl"I ~ ••.• " •• ~c-..~' ~ ...• --. .•• "Ilo." Yl' ..~ •. :,." l.··'·OIW ·' ,..fl:' -:ft
.Ill."' • "............. • ~.' "''''1"-'': '1 ,. ••• "'....~;_.:.:; ~"'::... ~•. ~ ... :~ .. , _":..~: ~.;~~~:=:.:::~ r·_ :~.~ ..·:··":"~ :.::::::..;.:
~:~,~; ~.~:: ..:; ..:<~~~~. ~~:'. '. :~ i-~::: ;;j:: :~~~~:.=~~:~~..;. s~;:m ::.~.~~.:~: .
.. '.'11;' "". :<...._/1",.,.. ,-,.'1'" t., . .,. .....••. -'.~ _ .,... ,."'~.,,- ""' ,: ...' ,.,."P.... ".' . '. • ~ , _ _ ., •
__ . lOll ';I ~... '.IV '-r ,.., ~••• , .: •• -o4' oJ -'"..-.> ,._ .....".~ Ii.A <iI .. ,. .• '." 'II' ..
... , __ • ,"" , ••!.., , ••• '''' ;. t ••".1P'I_ ·.. ;"" .. IJN: 10 ~or •• ·f .. -.
'';' ••_'Cl ••.• 'O..... ~ _:0-. "·.t ~ •. ;""'" ." ." .• lO"'U'~... ~oCl.l •••~~_._ .,-,._ .•- ,. - ..
"""." , 'f •• .- '" .J,I.·' _.: ..~ ~: : :"~_ ~_ #-. .
(b) Lapped .urtac. w1th 3\1111 di&lllond
(e) Ultra-t1ne r1n1ahod aurface w1th O.02~m S10,
Figure 1.2.2 Surface profiles of polished surfaces of alumina with various abrasives
[Namba, 1977]
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~C?ft.!~n~-~hep1iC?~tpr~_~ssipg W3,S:. first. iI).trodu~J~d..tQ.Jb~ .fj~ld..orc;er..3roi.~.§, y
Yasunaga [Yasunaga,)9J7]..n .AhOl_was su~~~s~f~l~y polished with soft abrasives such
-"-'-'- ~ - ~. . .... .' '.". -'- .....,.,,~ ..... -. .- ...... .........
as Si02 and Fe2Q3' A~~_~_yt:.t)'_~:ta~le ch~llli~_~1l , but it is reactive with SiO and.... , .. __~•..•. , .. , ..... ,._., __;_, _ ••••JJ' •. , . • _.__~__ •• • . __
Fe20 3. Upon reacting with alumina, mullite and spinel are formed respectively> which are-_.-
subsequently removed due to the abrasive action.
Si1i~o.~.~i~gl~.cry~tal~ were polished ust~K~~CQ3 8J19~aGC?3..~~_qu~~z ~ry'sta}s
~.~1.i.~~~~1l~i~l.~~.39 4~"n.d .~~<:?.Jie!~.~~ __~. 9-~~g~Jr.e~ l!!ll.!~E,~~ace [Yasunaga, et
, .'_._-~ .~. ,.. ----,
aI., 1979; Sugita et al., , 1979; Ikeda etal., 1979]. In both cases, the polished surface was
.-,.. '.. _ - . . .'., "'-'~-' --_ ~--_ ~ ,.-~'~'-'--' .._. -""'~~
so smooth that the wear was believed to proceed fundamentally as a consequence of
._ ...~",.,~ .,' '.'-" .-.~ - - _....~, ... --'.'-',~... ......'--"-~' ..~--- ....- ..._. -----_. _....---- ...... ,._..~.~....
e~o~~tion .of.v~>s~!..recJcted.Pans a~ f!l~ ~,~~~~~~!.P?iE.ts·
During the. ~~ishing of alumina with silica abrasives, studies were conducted by
._.. ' ~.~ ...... ' -,.~. '-. '~. -._.. ~ ."-"'"..." .... ---
simul~ting.Jheac.tuaLpp.Jt~bingconditions [Namba and Tsuwa, 1977]. The plastic flow
... ' ,'~'. .. ,~- ""~-" ...• ' , _.~ ,-..,,_.~,_.,--.- --_.-_ .._~-, ..~.- __ ..-..•..--.-
pressure at the contact points would be nearly equal to the hardness of the softer material at
that temperature. The pressure generated at a contact point between the sapphire surface and
silica powder can therefore be e~g~J¢ from the hardness of quartz glass. It .i.~. JQuo.dJo, Qe
ab9.1fl.J8.Kt:?¥at 800 °C and 50Kb;u.: ,at,9QO oC. Alumin!l powder and.silica PQ.wd~L?'j\S--- ..",;: ".' '"'' '._"., ,
~ed~dheated to. about 990 °C at, 36 Kbar for a!x>ulI0 sec.~ rh~.r~~,gJj Q.pr~.!J.~~ ~as
detennined to be KY~i~e,. which is a_s.t~!>le p~wse j.oJf:le ahll1.tttl't,.siJic,:~ ~Yostem. Figure.__.,~.. ,._.,.~.~" .... ' ".-.,,'~ .'~"" ' ..... , ..
1.2.2 is the surface profiles of polished surfaces of alumina with various abrasives; (0.8
J..LID SiC; 3 J..Lrn diamond, and 0,02 ~m of Si02) showing an RA of O.~ J.U1l with SiC. ~50 A
~~Jli.~nd, and m~!~u}¥ ~~~n~~~:Q( les_~ .th.~ i9'A i.i.~. S}~~.~!.Uiam,g.fl~ '!I.1Q..Is.~wa,
1977J Polycrystal!ip~M!l-Zn and Ni:-~~ferrit~~.w.-eJ~)l!s~~,t~crystaHographic perfection
~s(Qi,c_hem~~e~h~I1~CalJ~?ii~hi~~,te~~nique using F~_2?}:y~!,~er [Namba and Tsuwa,
1979]. Very good flatness, excellent retention of edge geometry and very small surface
roughness of aQou.t2Q,A are optaiQed.
Silicon carbide was chemomechanically polished using srC03>and boron carbiq,e'.-.. ..
was poli~hed using NiO and silica [Wang, 1994]. <;.hrornium oxide was found to _l?e an
!!!l.portant abrasive used in thechemomechanical polishing of SiC [Kikuchi, 1992]. SiC
sing1;~rystaisweiepolishedusing 0.5 ~m ~hromium ox.ide abrasives against a polishing
pressure of 5 MPa. T,,:~ ~xides of iron FeZ0 3 and Fe30 4 were identified as suitable
abrasives for chemomechanical polishing of silicon nitride to obtain a scratch free
--------~.~ ._._.- . . ..-., .._- . ---,"
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~ace fin~~~J'X~!~ ~~..~~, t~.~~1 .·Removal rates upto 1.6 ~rn/hr were obtained when
--. .
HIPPed silicon nitride samples were mechano-chemically polished using these abrasives on
a linen plastic lap. Polished surfaces were flat and scratch free with a eak to valley
--...JOoWo .....,_~.~ .......
ro~hness less than 20 nm. Silicon nitride round bars have been cherno-mechanically
--' ......- ..............,.,.. ......._ ....-.~'-.....~,,:.. ...... '.. :".., -~'.<:.-.! ......
polished using chromium oxide polishing film [Suzuki et al., 1992]. The surface
---_••• ,<•..•.•~
roughness o~ the bars was improv~ {:tQm,l.2..I,Uu tQ•.4.S om by polishing it for 1 hour. A
• "'..,......-~.- -' .., " ,_ _••_,•. ..-. , ' ,,_ _ ••.,•••~. ;!o I"' _ •
polymer film, coated with chromium oxide abrasive, was rubbed against the rotating roller
and the above polishing characteristics were obtained.
Although, theChemomechanical polishing technique is widely used, the nature of
the process is not well understood. This is particularly so with a silicon nitride
workmaterial ~~. c.~~~!i,?nsJ.m.cJ~r.w.~i~~~~_aEt.~~..~,~~~~n ~akes place is rather complex
and the reaction products vary in their composition and amount. depending on the
¥'''. '-".- .~.
,£Qn.~~c:>~,s._of.pre~s1ll"e~dtemperat~at the contacting points
The present work is an attempt to understand the mechanism(s) involved in the
chemomechanical polishing of silicon nitride ceramics. The mechanism PQstulated from the
.~,~. _. . -'-., '.'. . '-. ~ ..-
tribQlogical and triboch~!W~al studies conducted earlier by earlieI..r.~searchers [Vora et aI.,
•.~..,,- " .. ~ ... "' .. , ~.'I········· .. ~_ ..J.~ .' ---- ••. ~~ •••,~-- -""~_~•••_~.,•• ,.._~~... ".·~~""·P.L~. e"' .• ' ., • "'" ~ • ._. _••. ~•.•'
J~lL~~gt~.~t~·~_~9.~,~t~ cws:LXJl.,~~ .aI., 1994) do not£Q.Jllpl~telye~pJain the action of the
.- ...... <' ••••.• , '_ ....'_•• '-/-~ -_ .... ,,---. .' • ~. • -
abrasive -workrnaterial-environment in the case of silicon nitride. Moreover, the
-~ • • .-~ ",'_ • .1'" ,,"- •. "- -'. ".' .,. ,'_' ."._ •• • •• ' _.', '. • '..,
temperatures developed due to the presence of friction at the contact points vary constantly
and render the process more complex. The present study concentrates on detennining the
action of the abrasive and its role in the mechanism of polishing. Silicon nitride was
polished with different abrasives including silicon carbide, boron carbide and chromium
oxide. The emphasis of this investigation is to understand the mechanism of polishing of
silicon nitride workmaterial with chromium oxide.
The precurser to cherno-mechanical polishing is the lribochemical action
experienced in tribology. Hence, the tribochemical behaviour of ceramics in general and
silicon nitride in particular is reviewed in chapler 2. This review can facilitate determination
of the nature of chemical reactions between the abrasive and the workmaterial in a particular
environment during polishing. Possible reaction products resulting from the above
tribochemical studies were also reviewed. Various mechanisms proposed for
chemomechanicaI polishing of ceramics are also discussed in chapter 2.
8
Chapter 3 provides the problem statement. It includes an experimental study of the
wear debris generated during polishing of silicon nitride with different abrasives as well as
the polished silicon nitride samples; examination of the wear debris and finished balls and
roilers in a scanning electron microscope with an energy dispersive X-ray microanalyzer
and X-ray diffraction studies; analytical determination of the flash temperatures generated at
the actual poims of contact during polishing; identification of possible compound fonnation
using Gibb's free energy analysis; and finally development of a model for the chemo-
mechanical polishing of silicon nitride with chromium oxide abrasive (in air as well as
water).
Chapter 4 provides the details of the two techniques used in the magnetic field
assisted polishing of silicon nitride balls and rollers as well as the characterization of the
workmaterial and the abrasives used. The experimental part of finishing ceramic balls and
rollers is not within the scope of this investigation. Instead, the polished samples were
provided to the author by his colleagues (Mr. M. Raghunandan and Mr. M. Fox). The
characterization and analysis of the wear debris collected with different abrasives as well as
polished balls and roUers are central to this investigation.
Chapter 5 focuses on the theoretical (thermodynamic and heat transfer) studies
made in the present investigation. A Gibb's free energy analysis was performed to identify
appropriate compounds that may fonn during polishing and to suggest suitable
environments conducive to polishing. A heat transfer analysis was conducted using a
moving disc heat source model developed by Hou and Komanduri [1994] to estimate the
flash temperatures developed at the contact points during chemo-mechanical polishing.
Various compounds (and their phases) which can form during polishing of silicon nitride
were identified using the phase diagrams. This infonnation was used as the basis for the
X-ray diffraction analysis of the wear debris as well as polished silicon nitride samples.
Chapter 6 presents the results of this investigation. It includes examination of the
polished surfaces of silicon nitride balls and rollers as well as the wear debris generated by
different abrasives during polishing. This was accomplished using an ABT-32 scanning
electron microscope (SEM) with a Kevex energy dispersive X-ray analyser (EDXA) and
Siemens low angle X-ray diffractometer. In chapter 7, various mechanisms of chemo-
mechanical polishing presented by earlier researchers are discussed and a model of the
chemo-mechanical polishing of silicon nitride workmaterial with chromium oxide abrasive
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(in air and in water) is presented. Chapter 8 presents conclusions of this investigation and




This chapter reviews the literature on tribochemical characteristics of some
advanced ceramics in different environments. Since chemo--mechanical polishing is closely
related to these characteristics, such a study enables an understanding of the nature and
mechanism of chemo-mechanical polishing. Also, a study of the friction and wear
behavior of an abrasive-workmaterial combination in a given environment can provide
insights into ways of increasing the material removal rates and the finish obtainable in
polishing. The frictional characteristics, also, detennine the flash temperatures that can
develop in the vicinity of the contact zone between an abrasive and the workrnateriaL The
chemistry of the abrasive-workmaterial combination under the conditions of polishing
would detennine the reaction products that could fonn during cherno-mechanical polishing.
In the following, the tribochemicalaspects, including the effect of physical parameters,
such as load, speed,. temperature, relative humidity, and the environment on the
tribochemical behavior of ceramics are reviewed. Various characterization studies
undertaken by previous researchers of the reaction products for both oxide and non-oxide
ceramics are then reviewed. This is followed by a review of the mechanisms of chemo-
mechanical polishing in general, and that of silicon nitride work material in particular.
2.1. TRlBOCHEMICAL SnJDIES
Chemical interactions between the ceramic work material and abrasive in a given
environment are quite active during friction, even at nominal room temperature. These
reactions influence not only the dissolution of the materials or the growth of surface films,
such as oxides but also the mechanical response of the materials to the contact stresses
[Fischer, 1988~ and Akazawa and Kato, 1988].
Tribochemical reactions can alter the wear behavior of ceramics by modifying the
stress distribution and by influencing the material's response to stress. Pure, mechanical
wear usually produces rough contact surfaces that increase stress concentrations.
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Tribochemical wear on the other hand, produces a smooth, undamaged wear surface
[Fischer, 1988 and Fischer et al., 1989]. In pure mechanical wear. the stress distri bUlion
is unaltered and the resulting wear surface is rough, where as in tribochemical wear.
stresses are distributed by the surface layers of the ceramic material. These swface layers
are usually softer than the substrate. As a result, the value of the maxiIlJum contact stress
decreases under a constant load, thus reducing the mechanical wear. Often, the contact area
in the case of tribochemical wear is larger than that of mechanical wear keeping the
frictionaJi force unchanged. This modification of stresses can take several fonus depending
on the _material, the environment, and the procesing parameters. It may result in the
formation of surface coatings that decrease the wear by dissolution in the liquid
environment [Fischer and Tomizawa, 1985]. Alternately, it may provide boundary
lubrication by chemisorption in the presence of hydrocarbons and other molecules
[Jahanmir and Fischer, 1988J. It may even provide chemically induced fracture that can
increase the wear rates [Fischer and Tomizawa, 1985]. The rates of these chemical
reactions are very much influenced by the simultaneous action of friction and chemical
reactions. Usually, such reactions can proceed even at nominal room temperature which
would otherwise proceed only above 800 OK in the absence of friction. This is because of
the flash temperatures generated at the frictional sliding contacts. The effect of physical
parameters, such as load, speed, temperature, relative humidity, and the environment on
the tribochemical behavior of ceramics will be discussed in the following.
2.1.1 EFFECf OF PHYSICAL PARAMETERS
EFFECT OF LOAD
The effect of load on the friction and wear coefficients has been studied under
conditions ofhigh contact pressure and low sliding velocity [Fischer and Tomizawa, 1985;
Akazawa and Kato, 1988]. These conditions were chosen to avoid hydrodynamic or mixed
lubrication between the surfaces and to isolate the effect of temperature. Loads were varied
between 0.5 and 30 N (which resulted in a mean Hertzian pressures of 3 to 12 GPa).
Sliding velocity was kept constant at 1 mm/sec. Figure 2.1.1.1 shows the time evolution of
the friction coefficient of silicon nitride in air for various loads. It usually starts at a
relatively low value and reaches a stable value of f= 0.7 to 0.8 after a cenain distance of
sliding. This effect could be attributed to the initial contamination of the surface which
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Figure 2.1.1.1 Time evolution of the friction coefficient of silicon nitride in air for
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Figure 2.1.1.2 Wear volume versus the number of revolutions at various loads
[Akazawa and Kato, 1986}
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The effect of load on wear of silicon nitride was studied in a ring-on- ring
configuration under loads of 980 N, 1470 N, 1960 N and 2940 N. Hertzian pressures
ranged from 1 GPA to 1.83 GPa. Figure 2.1.1.2 shows the wear volume versus the
number of revolutions at various loads [Akazawa and Kato. 1986]. The figure shows two
distinctive wear stages in each case. initial severe wear and secondary steady state wear.
Initial wear ends before 105 cycles.
EFFECf OF SPEED
The change in the relative speed between mating members effects the amount of
heat generated at the contact interface, which in tum changes the temperature at the
interface. The formation of reaction products is accelerated at higher temperatures which
may lead to an entirely different wear behavior of the ceramic material. Figure 2.1.1.3
shows the variation of coefficient of friction with speed at two humidity levels [Gee and
Butterfield. 1993]. It may be noted that the scatter in the friction coefficient is quite large.
Figure 2.1.1.4 shows the variation in the wear volume with speed for different humidity
levels. At low humidity levels. the scar diameter drops with increasing speed to a
minimum at a speed of 0.05 m/sec and then increases to a maximum at a speed of 0.5
m/sec. At intennediate speeds and high humidity levels. the scar diameter increases slowly
with increasing speed and reaches a maximum at 0.1 m/sec and then drops as the speed
increases.
Figure 2.1.1.5 shows optical micrographs of wear scars at different speeds [Gee
and Butterfield. 1993]. Some of the wear scars have polished appearance while others have
a rough, dun appearance. At 0.3 rn/sec, the scars had a mixed behavior with a central band
which is rough and the outer region which is polished.
EFFECf OF TEMPERATURE
Temperature is the most crucial parameter in determining the tribochemical behavior
of a ceramic material. It affects the rate of reactions occurring at the wear interface and
brings additional reaction routes into play. There are two components to the interface
temperature. First, the bulk temperature which is the average temperature of the surface
layers of the specimen. The second is the flash temperature which is the temperature





















Figure 2.1.1.3 Variation of coefficient of friction with speed at two humidity levels
[Gee and Butterfield, 1993]
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Figure 2.1.1.4 Variarion in wear volume with speed for different humidity levels
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Figure 2.1.].5 Optical micrographs of wear scars at different speeds
(Gee and Butterfield, 1993]
Figure 2.1.1.6 SEM of a wear scar of silicon nitride in dry argon [Fisher, 19R8]
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These asperities are typically about 10 J.1m across for a nominal engineering sunace. So,
the heat generated is concentrated in a very small area
EFFECf OF EXTERNAL CONomONS
Apart from th.e physical conditions, humidity and the medium in which the relative
movement takes place also play an important role in determining the tribochemical
characteristics of ceramics. Figure 2.1.1.6 shows a SEM micrograph of a wear scar of
silicon nitride sliding in dry argon. It consists of purely mechanical wear that shows
microfractures at the surface [Fischer, 1988]. A few micrometers below where the contact
stresses are diffused, cracks follow grain boundaries that are surfaces of mechanical
weakness. Wear debris is ground to fine powder after repeated passes of the slider. In dry
argon,the grains do not adhere to each other, and the wear debris does not influence the
CODtact stresses at the temperature.
When smiding occurs in humid argon, the wear track has a completely different
appearance. Figure 2.1.1.7 shows the SEM micrograph of a wear scar of silicon nitride
after smiding in humid argon [Fisher, 1988]. It is smooth and the surface is covered with a
coherent material that differs from the original material. Wear debris was predominantly
amorphous with dispersed fine crystallites.
Figure 2.1.1.8 shows the wear tracks of silicon nitride in hexadecane [Jahanmir
and Fischer, 1988]. The coefficient of friction in this case was the least, of the order of 0.2
when compared to 0.8 in air and water. Higher magnification (Figure 2.2.1.1 Dc) shows
that a film of material has covered these surfaces. The composition of the film was found
to be different from the parent material. A similar behavior was observed when silicon
nitride is rubbed in hexadecane + 0.5 % stearic acid, which is shown in Figure 2.1.1.9
[Jahanmir and Fischer, 1988].
Self mating sliding couples of silicon nitride, silicon carbide, zirconia, and alumina
were tested in different aqueous solutions of varying pH from 3 to 13 [Loffelbein, 1993].
Table 2.1.1.1 gives the friction and wear coefficients obtained from the above tests
[Loffelbein, 1993]. In comparison with dry conditions, the friction coefficients of aU
couples were reduced in the presence of different aqueous solutions. The lowest frictional
coefficients were measured for the silicon nitride couples and silicon carbide couples.
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Figure 2.1.1.7 SEM of a wear scar of silicon nitride after sliding in humid argon
[Fisher, 1988]
Figure 2.1.1.8 Wear tracks of silicon nitride in hexadecane
[Jahanmir and Fisher, 1988]
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Table 2.1.1.2 Friction and wear coefficients of ceramics in acid, basic and
nuetral environments[Loffelbein, 1993]
friction coefficients {(a) and wear coefficients k. of stationary specimen (10 -" mm' Nm -I) (b) for all sliding couples tested (pin on disc, T ... 23 ·C. F" -I."
N, v ..0.1 m S-I, s .. 2000 m)
Self-mated Interfacial medium Dry
sliding friction
couple H,O NaOH KOH NH.OH HNO, HlSO. H,PO. CH,COOH HO HeIO.
SSi,N. {"0.04 (a) 0.03 0.OS.0.05 0.03,0.04 0.02 0.04 0.15
..;-
0.02, 0.03 0.01 0.790.04, 0.02- k,. .. 1.2 (b) 0.39 0.41, 0.27 1.9, 1.9 0.36 0.30 0.13 0.09,0.08 0.55, 0.11 0.09 0.61\0
HlP-RBSi,N. 0-02, 0.02 (a) 0.04,0.04 0.03. 0.03 0.31. 0.Q2 0.02 0.02 0.03, 0.02 0.02 0.03 0.02 0.90
1.6, 0.48 (b) O.OS, 0.08 0.Q7.0.09 1.3, 0.89 0.39 0.43 0.07. 0.11 0.11 0.63 0.10 0.82
SSiC 0.03, 0.02 (a) 0.04. om 0.03 0,0} 0.02 0.Q3 0.02 0.02 0.02 0.02 0.66
0.52. 0.45 (b) 0.52, 0.48 0.41 0.32 0.48 0.59 0.50 0.41 0.48 0.45 1.3
SiSiC 0.18 (a) 0.18 0.21.0.19 0.21 0.19 0.14. 0.20 0.20 0.22 0.15 0.19 0.62
4.1 (b) 2.3 2.5, 1.4 4.8 4.8 4.1, 4.8 4.5 4.5 3.2 4.5 1.6
MgD-ZrOl 0.37 (a) 0.42 0.43. 0.35 0.44 0.41 0.70 0.42 0.28, 0.18 0.30 0.34, 0.27 0.89
0.21 (b) 0.15 1.2. 0.04 0.11 0.55 0.17 0.08 0.30, 0.17 0.34 0.06, 0.05 50.0
AllO, 0.22, 0.26 (a) 0.14 0.14 0.14 0.15 0.15 0.18 0.14 0.15 0.14 0.49
0.006. 0.003 (b) 0..34 0.23 0.16 0.13 0.13 0.21 0.13 0.14 0.06 0.003
-
Ie}
Figure 2.1.1.9 Wear behavior of silicon nitride rubbed in hexadecane and 0.5 %
stearic acid [Jahanmir and Fisher, 1988]
Figure 2.1.1.10 SEM of the wear scar of silicon nitride rubbed in water [Fisher,1988]
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Figure 2.1.1.10 shows a SEM micrograph of the wear scar of silicon nitride rubbed
in water [Fisher. 1988]. Figures 2.1.1.11 show (a) and (b) a SEM micrographs of silicon
carbide surfaces before and after rubbing in water. These ceramics can fonn low shear
strength hydroxide f1.].ms on the surface.
Couples of silicon carbide exhibited higher friction coefficients. which may have
been caused by roughening the sliding surfaces through rapid dissolution of the silicon
phase. The friction coefficients of alumina couples had similar values but the friction
mechanism was quite different. Aluminum hydroxide films may form on the sliding
surfaces and their dissolution in aqueous solutions may influence the tribological behavior.
Figure 2.1.1.12 shows a SEM micrograph of a worn surface of alumina sample after
rubbing in water [Gates et al. 1989]. It indicates the presence of a film on the contact
region.. The fIlm had the appearance of a coherent compact material with the ability to flow.
The shear strength of these films may be higher than that of the silicon hydroxide films on
silicon nitride and silicon carbide. Alumina had higher wear coefficients in aqueous
solutions than in air. Intercrystalline stress corrosion cracking probably enhanced wear. Its
subcritical crack propagation velocity increased in the presence of water [Chen and Knapp,
1977].
Figure 2.1.1.13 shows a SEM micrograph of the wear scar of zirconia rubbed in
water [Fischer. 1988]. The wear coefficient of magnesia stabilized zirconia was decreased
in the presence of water. The high friction coefficients of the couples of magnesia stabilized
zirconia may be favoured by the low heat conductivity of the ceramic, so that the partial
disorption of water molecules can occur due to local frictional heating. However,
Lancaster eta!. [1992] reported increased wear rates of zirconia in the presence of water.
One reason for this difference in wear behavior of zirconia is that it is extremely sensitive to
its composition. The cubic fonn of zirconia. stabilized with magnesia and with a relatively
low fracture toughness, shows a reduction in wear rates because onower friction, reduced
tensile stress. and consequent lower susceptibility to crack propagation. With the tougher.
tetragonal form. however. water increases the wear rate by accelerating the rate of crack
growth.
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a) Before sliding b) Afler sl iding
Figure 2.1.1.11 SEM of silicon carbide surfaces before and after rubbing in water
[Mizuuni et at. 1990]
'00 ...
Figure 2.1.1.12 SEM of a worn surface of alumina sample after rubbing in water
[Gates et al .• 1989}
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Figure 2.1.1.13 SEM of the wear scar of zirconia rubbed in water [Fisher,1988]
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2.2. ANALYSIS OF REACTION PRODUcrS
The chemical reaction rates are often governed by the reaction products that
accumulate on the surface and through which the reagent species must diffuse. There are
several mechanisms by which such reactions are accelerated by friction, including the
following: I) wear removes the protective later reaction product and exposes fresh
surfaces, 2) frictional stresses cause defonnation or microfracture in the layer (or the solid)
and produce diffusion paths (or high energy sites) of increased activity, 3) frictional heat
increases the local temperature, and 4) the fonning and breaking of bonds that accompany
friction create highly reactive intennediate states. Since tribochemical reactions occur only
where friction takes place, they can modify the surface geometry and lead to surface
polishing. This modifies the local contact stress and decreases mechanical wear. On the
other hand, this interaction can accelerate the chemical attack in which case it is caBed
corrosion wear.
The reaction products generated during tribochemical studies have been investigated
by various researchers using different techniques and is reviewed in this section.
OXIDE CERAMICS
Oxide ceramics, such as alumina and zirconia are stable oxides and are incapable of
undergoing further oxidation reactions. For some non-oxide based ceramics the fonnalion
of oxide layers are responsible for the reduction in wear. Alumina has been an important
ceramic material for different applications ranging from abrasives to hip joint replacements
[Gates et aI., 1989]. Tribochemical reactions of this material have been of much interest
for generating smooth surfaces. Tribochemical wear behavior reported in the literature is
somewhat ambiguous in the sense that a reduction as well as increase, in wear rates were
reported [Lancaster et aI, 199'2]. However, the fonnation of some fonn of aluminum
hydroxide during rubbing in water is accepted. Figure 2.2.1 is an ion microprobe
spectrum of an alumina surface during rubbing in water [Sugira et aI, 1979]. The spectrum
indicates the presence of AIH+ and AIOH+ species, suggesting that hydroxides are
developed on the surface. In this technique, while the argon gas ions impinge on the
surface at an extremely low current density and sputter off the surface atoms and
molecules. the ionized fractions are analyzed with a mass spectrometer. The rate of removal
by ion bombardment is about 0.2 'Alsec.
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Figure 2.2.2 shows X-ray diffraction spectrum of alumina wear debris obtained
from polishing with silica [Yasunaga et al, 1979]. Wear debris was heat treated at 970 and
127()O C for 2 hours. The spectrum indicates the presence of mulhte as a reaction product.
Reflection electron diffraction p,auerns of alumina single crystal polished with
diamond, silicon carbide,. silica, and cerium oxide abrasives are shown in Figures 2.2.3 (a)
to (e) [Namba and Tsuwa, 1977]. Figures 2.2.3 (a) and (b) show Debye rings, a
characteristic of a rough polycrystalline structure in the case of diamond and silicon
carbide. According to Namba and Tsuwa, the mechanism of lapping of sapphire with these
abrasives involves a combination of the surface flow of the asperities by plastic
deformation and microfracture. The specimen which was chemically polished [Figure
2.2.3 (c)] in a 1:1 H2S04 and H2P04 mixture showed excellent crystallographic quality.
The patterns of the sapphire surface polished with silica and cerium oxide abrasives
[Figures 2.2.3 (d) and (e)] had appearance similar to that of the chemically polished
surface. Many Kikuchi lines are visible on the surface patterns, indicating a high degree of
crystal perfection. It can be seen that the ring pattern, a typical characteristic of
polycrystalHne layer, is absent. The lapping damage on the sapphire specimen is
completely recovered without the introduction of funher damage, so that the mechanism of
Uris ultrafme polishing must be microfracture with no dislocation or with a minimal surface
damage.
Wear particles of alumina rubbed in water were analyzed using a thenTlogravimetric
analyzer (TGA). Figure 2.2.4 shows the TGA scans of "(-alumina and 'Y-alumina-water
reaction products [Gates et al,1989]. The low temperature product was thermally
decomposed at 2720 C and was identified by XRD as Bayerite, AI(OHh. The higher
temperature reaction product that was decomposed at 5100 C was identified to be Bohernite
AI(OH).
NON-OXIDE CERAMICS
Non-oxide based ceramics are capable of undergoing oxidation reactions at higher
temperatures. Tribochemical reactions in non-oxide ceramics can generate oxidation
products on the surface. Figure 2.2.5 shows an X-ray microanalysis of a wear particle
obtained during dry rolling of silicon nitride [Kato, 1990]. The particle shows the presence
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Figure 2.2.1 Ion microprobe spectrum of an alumina surface during ribbing in water
[Sugita et at, 1979]
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Figure 2.2.2 X-ray diffraction spectrum of alumina wear debris obtained from
polishing with silica [Yasunaga et ai., 1979}
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(a) Lapped surface with (b) Lapped surface w1th (c) Chem1cally po11shed
81>11I SiC 3\111I d1alllond surface
(d) Ultra-fine f1nished (e) Ultra-f1ne f1n1shed
surface with 0.02\1m S10a surface w1th CeOa
Figure 2.2.3 Alumina single crystal polished with various abrasives
[Namba and Tsuwa, 1977]
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Figure 2.2.4 TGA scans of gamma-alumina and gamma-alumina-water reaction
products [Gates et al., 1989]
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Figure 2.2.5 X-ray microanalysis of a wear particle obtained during dry rolling of
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Figure 2.2.6 Auger-electron spectroscopy analysis conducted on the inside and
outside of the wear tracks of silicon nitride after rubbing in water
[Xu et al., 1993]
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Figure 2.2.6 shows the Auger Electron Spectroscopy (AES) analysis conducted on
the inside and outside of the wear tracks of silicon ninide after rubbing in water [Xu et al ,
1994]. At low temperatures of sliding, the oxygen intensity is the same inside and outside
the wear tracks. At intennediate temperatures, oxygen intensity inside the wear track was
found to be higher. Consequendy. the oxide film grows because of frictional activation.
In the high temperature range, the oxide intensity has reduced inside the wear tracks due to
removal of the material inside the wear tracks by microfracture and exposing the less
oxidized surface. Figure 2.2.7 shows an infrared (IR) spectra obtained from a similar test
[Akazawa et al, 1986]. The structure of the particles coincided with that of quartz.
Therefore, the debris may have silica structure suggesting that oxidation of the silicon
nitride surface is in progress.
Figure 2.2.8 shows the light element energy dispersive x-ray spectroscopy of the
wear tracks obtained from a similar test [Gee and Butterfield, 1993]. The spectra, at 0.53
m1sec, 0 % RH indicates the presence of both nitrogen and oxygen suggesting that the
oxidation of silicon nitride is in progress. As the humidity increases, it clearly shows the
presence of oxygen in greater amounts suggesting that oxidation progresses rapidly in the
presence of humidity to fonn a lubricious layer in the wear tracks. Another similar
observation was made using electron energy loss spectroscopy (EELS) of the wear
particles obtained from scratching silicon nitride in hexadecane [Jahanmir and Fischer,
1988]. Figure 2.2.9 shows the TEM micrographs obtained from amorphous and
crystalline wear particles and their electron energy loss spectra. The amorphous panicles
showed the presence of oxygen and tbe crystalline particles showed the presence of oxygen
and nitrogen suggesting that the oxidation product is amorphous silica and the crystalline
product is silicon nitride which is in the process of oxidation.
Figure 2.2.10 shows X-ray photoelectron spectroscopy data obtained from the
worn surfaces of silicon nitride with varying intensities [Cranmer, 1989]. ]n general, the
oxygen peak in tbe etched film occurs at 532.2 eV and is associated with oxy-nitride
structure. As more oxygen is included in the structure. the peak shifts towards 532.8 eV)
which is typical of Si - 0 bond fonnalion in silica. The Si peak associated with the Si - N
bond in etched silicon nitride occurs at 101.4 eV and increases to 103.8 eV as the film
oxidizes to form silica. The N peak associated with the Si - N bond in silicon nitride occurs
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Figure 2.2.7 Infrared spectra obtained during a dry rollig test [Akazawa et aI.. 1986]
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Figure 2.2.8 Light element energy dispersive x-ray spectroscopy of the wear tracks










Figure 2.2.9 TEM micrographsobtained from amorphou~ and crystalline wear
particles and their electron energy loss spectra
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Figure 2.2.10 X-ray photoelectron sPectroscopy data obtained from the worn surfaces
of silicon nitride [Cranmer, 1989]
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structure as oxy-nitride. These results suggest that the worn surfaces have oxidized to fonn
silicon o~y-nitride.
Figures 2.2.1 I (Figures (a) and (b) show the spectra obtained from an ion
microprobe mass spectrometer as a function of the nwnber of scans of the polished surface,
fractured surface and baked surface, respectively [Sugita et ai, 1984]. The polished surface
had been generated under a nonnal load of W N at a rubbing velocity of 0.25 m/sec in
water. The surfaces after fracturing with and without baking treatments, were observed.
The baking treatment was done at 1170 OK for 1 hour. The sputtering depth, according to
the scan, was about 30 A. It was found that the SiH+ was plentiful on the polished surface
after rubbing; it has decreased to the same level as in the fractured surface after the baking
treatment Also, there is a large amount of SiO+ present on the polished surface, for which
the intensity level in the spectrum is not changed even after the baking treatment. From
these results, it appears that by rubbing silicon nitride on silicon nitride in water, silica is
produced initially on the work piece and subsequently silicon hydrate fonned.
The wear debris in water after rubbing were examined using XRD. Figures 2.2.12
(a) and (b) show the XRD data of the wear debris as obtained and after the baking treatment
at 127(JJ K for I bour. The as-received debris showed no peaks in the spectrum suggesting
that they were probably amorphous products or very fine grained panicles. But, after the
heat treatment, the data showed the presence of a-crystobalite, a fonn of silica. Therefore,
it was assumed that a-crystobalite existed in amorphous fonn and/or an amorphous silicon
hydrate existed in the as-received remnants. The color of the remnants changed from light
pink to white upon heating. This also suggests that the structure and the material must have
been converted to another fonn.
Thus,. tribochemical reactions occur in ceramic materials depending on the material
and its structure as well as the environment. These studies suggest possible chemo-
mechanical polishing mechanisms which may be applicable to fine polishing. The various
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Figure 2.2.11 Spectra obtained from an ion microprobe mass spectrameter as a function
of the number of scars of the polished surface, fractured surface and
baked surface [Sugita et al., 1984]
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From a review of literature, it is reasonable to infer that chemo-mechanical action at
the interface between two materials in frictional contact can occur, if th.e materials exhibit
high chemical affinity. The material removal is, generally, much lower than mechanical
removal (abrasion) because the reaction takes place only at the real areas of contact. The
reaction products, as well as the material removal mechanisms, depend based on the
reactions progressing between two materials in relative contact. In the following, the
mechanisms of material removal on various ceramic workmateriaJs with different abrasives
are discussed.
In the chemo-mechanical polishing of semiconductor materials, sodium bromite
(Trade name Brodesizer) is used [Karaki-Doy, 1989]. A typical composition used is
given by NaBr02 (69.0%), NaBrO] (1.8%), NaOH (0.6%) and water (27.3%). Amongst
them, NAOH has a remarkable effect on polishing. It was found that the pohshing rate
increases with the pH of the reagent and reaches a maximum at 12.5. However, the
surface roughness was also found to increase.
Comparing the standard oxidation-reduction potentials of Ga and As, As has a
higher corrosion rate and is considered to diffuse in the solution as soon as it contacts the
NaBr02 solution.
As + 2 Br O2 ~ As 0 -l + 2Br- ~ (11)
Ga when reacted with NaBr02 solution would oxidize to Gallium oxide and most
of it would stick to the surface as foHows.
4 Ga + 3 Br O2 ~ 2 Ga2 0 3 + 3 Hr" ~ (12)
Since Ga dissolves more slowly than As, the GaAs substrate is visualized as a
microscopically porous structure. Rearranging the above process, it actually produces the
following two-step reaction:
GaAs + 2NaBrO 2 ~GaAs04 + 2 NaBr
~ (13)
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The resultant GaAs04 is an insoluble film that reacts with NaOH as follows:
GaAs04 + 4 NaOH ~NaGa(OH)4 + 2Na a As04
~ (14)
The above p'roduct is a thin soluble soft layer which is subsequently removed by the
mechanical action of the abrasives.
In an investigation on the wear of sapphire on steel, the fonnation of chemical
reaction products at the interface was confinned [Yasunaga et aI., 1977]. It may be the
chemical reaction between Wustite, which is expected to be fonn due to oxidation of steel
caused by friction, and alumina which finally forms the reaction product called Hercynite
(FeAI20,J.
Al 2 0 3 + FeO ~ Fe Al 2 0 4 ~ (15)
Alumina was also polished chemo-mechanically using softer abrasives, such as
Si02 and F~~ [Yasunaga etal, 1977]. The mechanisms of polishing are given by:
Al 2 0 3 + Fe2 0 3 ~ Spinel
Al 2 03 + Si0 2 ~Mullite
~ (16)
-HI?)
Spinel and mullite form a thin layer on alumina which is subsequently removed by
the mechanical action of the abrasives.
Alumina, when tested under water for tribological studies, has resulted in the
fonnation of aluminium hydroxide. TGA results, reponed earlier showed reactivity of "(-
alumina with water. But, no reaction has been observed between a-alumina and water.
Therefore, it is anticipated that a-alumina undergoes a stress induced transfonnation, as
seen in the case of partially stabilized zirconia. In fact, it was observed when a-alumina is
subjected to abrasion in unlubricated wear tests, particles of b-alumina were observed in the
transition phases which is quite similar to "(-alumina [Hines et aI., 1979]. Therefore, the
complete reactions are given by,
35
Stress
ex - Al 2 0 3 Induced ~ 0 - Al 2 0 3
Transfonnation ~(l8)
Aluminium hydroxide, a layered structure that fonns, is subsequently removed by
the mechanical action of the abrasives.
Silicon carbide. when polished with chromium oxide, resulted in very good surface
fmish [Kikuchi et aI. 1992]. Kikuchi et aI. suggested the following mechanism of material
removal. In the oxidation reaction.
SiC + O2 ~Si - C - 0 ~(20)
According to Kikuchi et at, oxygen is supplied from the surrounding atmosphere
but not from chromium oxide. Therefore, chromium oxide acts merely as a catalyst. and
hastens the oxidation process to form amorphous silica which, in tum, is removed by the
mechanical action.
Silicon nitride is known for its oxidation resistance at high temperatures {Tighe,
1982]. The amorphous silica which is formed as a result of the oxidation process grows
with a parabolic growth law which indicates that the reaction is rate controlled by the
diffusion of ions through the oxide layer. Oxidation of silicon nitride is accelerated in the
presence of humidity [Singhal. 1976 (b); Contet et a1., 1987; Sato et al., 1991]. Silica
surfaces adsorb water to form Si(OH)4. The reactions are given as follows:
~ (21)




Generation of NH3 gas was confirmed experimentally during wet grinding of
silicon nitride powder [Kanno et al,. 1983]. Silicon nitride. when investigated for its
tribological behavior, resulted in the fonnation of NH3 in appreciable amounts. Thus, the
formation of chemical reaction products can be beneficial during polishing of advanced
ceramics for obtaining desired finish and accuracy. However, control of the reaction rates
is necessary for optimum material removal rates and good fmish.
Fischer et al., (1989) used the following method to determine the nature of the
material removal mechanism in stating, namely,. whether it is assisted by the fonnation of
chemical reaction products or not. The material removal is determined as a function of
rubbing speed in two different ways. The fmt one is calculated from the rubbing time (time
dependent material removal rate) and the second one calculated from the rubbing distance
(the distance related material removal rate). He found that the distance dependent removal
rate decreases with increased rubbing speed, but the time dependent material removal rate is
independent of the rubbing speed. If the removal mechanism is by abrasion, the removal
volume should be proportional to the distance. Thus, the distance dependent removal rate
should remain constant for all rubbing speeds, but the time dependent material removal rate
should increase with rubbing speed, since for a given time, a greater distance will be
covered at greater speeds. If the removal mechanism is based on a chemical reaction, the
removal volume will depend on the volume of chemicals produced at the interface, which is
proportional to the total contact time. Thus, for wear due to chemical reactions,' the time
dependent removal rate remains constant at all rubbing speeds. Since the removal volume
depends only on the contact time, the distance dependent removal rate decreases with
increasing rubbing speed with decreasing contact time.
Based on the literature review, during polishing of silicon nitride with chromium
oxide, it appears the oxidation of silicon nitride takes place with the oxygen available from
surrounding atmosphere and not from the chromium oxide abrasive. Thus, the role of
chromium oxide is considered as a mere catalyst and does not take part in the chemo-
mechanical action. While chromium oxide is a wen known catalyst, it will be shown in this





In order to minimize scratches and other defects on the finished surfaces of
advanced ceramics, a novel polishing technique. namely, chemo-mechanicaJ polishing was
developed by some researchers using abrasives softer than the workpiece. Cherno-
mechanical polishing combines chemical and mechanical actions between soft abrasive
grains and a harder workmaterial, to provide a smooth surface. This investigation focuses
on the chemo-mechanical polishing of silicon nitride workmaterial with chromium oxide
abrasive (under both dry and wet conditions).
Based on the review of literature, although many researchers have identified the
possibility of chemo-mechanical polishing Si3N4 with Cr2OJ, the role of chromium oxide
was identified only as a catalyst for enhancing the oxidation of silicon nitride. No evidence
of any compound formation of silicon nitride workmaterial with chromium oxide abrasive,
in a given environment (water or dry), was given. It was decided to investigate further into
tbe chemo-mechanical action of chromium oxide abrasives on the polishing of silicon
nitride and to determine whether there is any compound formation or the action is entirely
catalytic This necessitated systematic investigation wherein silicon nittide is polished with
not only chromium oxide but also other abrasives, such as boron carbide and silicon
carbide. Both boron carbide and silicon carbide are harder than silicon nitride. Hence,
mechanical abrasion would be the predominant material removal mechanism. Because of
similar surface chemistry, polishing of Si3N4 appeared to be more mechanical and
negligible chemo-mechanical Chromium oxide on the other hand is about the same or lower
hardness than silicon nitride. Hence, mechanical abrasion would not be the predominant
mode. The smooth finish generated on the silicon nitride workmaterial must be associated
with a chemical mechanism of material removal.
To identify possible compound fonnation during chemo-mechanical polishing of
silicon nitride with chromium oxide abrasive. it is necessary to investigate the polished
workmaterial as well as the wear debris by various characterization techniques. This
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includes the use of scanning electron microscope, with an energy dispersive X-ray
microanalyzer, as well as X-ray diffraction studies. The former provides surface features
as well as elemental information, while the latter can provide infonnation on compound
formation.
The activation of chemical reaction between a soft abrasive and a hard
worlanaterial, at several contacting points, depends on the high temperatures and pressures
generated in the micro-reaction zones. After the reaction, the reaction product is removed
by the soft abrasive due to mechanicall forces. Therefore, this mechanism can be controlled
by the mechano-chemical reaction rates, i.e., by selecting a proper combination of soft
abrasive grain material and a hard workmaterial, and sliding conditions such as polishing
pressure. contact temperature. and sliding speed. So. it is necessary to detennine the
temperatures generated at the asperities of contact during polishing. Also. it is necessary to
identify various compounds that can be formed during chemo-mechanical polishing. using
thermodynamic analysis. To accomplish these, the following studies are undertaken:
Experimental study of the wear debris generated in polishing of silicon nitride with
different abrasives; examination of the wear debris, as well as the finished balls and rollers,
in a scanning electron microscope with an energy dispersive X-ray rnicroanalyzer and X-
ray diffraction studies; analytical determination of the flash temperatures generated at the
actual points of conta,ct during polishing; identification of possible compound formation
using Gibb's free energy of fonnation coupled with a phase diagram study; and, finally,
development of a plausible model for the chemo-mechanical polishing of silicon nitride





EXPERIMENTAL APPARAIDS AND CHARACIERIZAnON OF THE
WORKMATERIAL AND TIlE ABRASIVES
To study thechemo-mechanical polishing of silicon nitride workmaterial with
chromium oxide abrasive, two magnetic field assisted polishing techniques, currently under
active investigation at OSU, were used. The magnetic field assisted polishing experiments
were conducted by the author's colleagues (Mr.M. Raghunandan and Mr. Michel. Fox).
Samples of the finished Si3N4 balls and rollers, as well as the wear debris with each of the
abrasive, were provided to the author forchemo-mechanical investigation. In this chapter,
the two magnetic field assisted polishing techniques used at OSU are described briefly
along with typical polishing conditions. This is followed by the characterization of the
Si3N4 workmaterial as well as that of the other abrasives used. Water-based magnetic fluid
was used in magnetic float polishing, for polishing silicon nittide balls since water has been
found to be effective in the oxidation of silicon nitride. Magnetic abrasive finishing was
conducted in air, for polishing silicon nitride rollers.
4.1 MAGNETIC FIELD ASSISTED POLISHING OF SI3N4 BALLS AND ROLLERS
The requirements of high finish and accuracy, and absence of any surface defects, by
the conventional methods of grinding and polishing cost effectively, necessitated the
investigation of alternate manufacturing technologies as part of ARPA's Ceramic Bearing
Technology Program. The recent support provided by the National Science Foundation
towards an understanding of chemo-mechanical polishing of silicon nitride using Cr203
abrasive is the basis for this investigation. Two methods of finishing Si3N4 balls and
rollers based on magnetic field assisted polishing are the techniques used in this
investigation. They are: i. Magnetic float polishing of ceramic balls, and ii. Magnetic
abrasive finishing of ceramic rollers.
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The salient features of magnetic field assists polishing techniques are the following:
1. Very high fmish and accuracy can be obtained,
2. Very little (or no) surface damage. such as microcracks to. the ceramic pans
during the finishing operation, due to extremely low forces (on the order of I
N/ball or less),
-3. The finishing operation can be significantly faster than by conventional
techniques. This is due to higher spindle speeds possible by this technique,
4. Small polishing batch. Very few ceramic balls are needed in a batch for
polishing, unlike in conventional polishing where a large number are required
for alignment and accuracy requirements. The number of balls depend on the
size of the balls as the float pad can be changed to suit the size of the balls,
5. Fewer polishing steps are needed. The balls can be processed from the TOugh
to finished state in one operation, by varying the strength of the magnetic field
intensity. It is, therefore, not necessary to change the polishing machines for
roughing and finishing or clean the balls during the polishing cycle.
In the following,. the two magnetic field assisted polishing techniques are briefly
described.
4.1.1 MAGNETIC FLOAT POLISHING OF SI3N4 BALLS
The magnetic float polishing technique was developed on the basis of the magnelO-
hydrodynamic behavior of a magnetic fluid that can float non-magnetic abrasives
suspended in it by a magnetic fluid. The process is considered highly effective for finish
polishing, because a buoyant levitational force is applied to the abrasives in a controlled
manner. Hence, the forces applied by the abrasives to the part are extremely small and
highly controllable. The magnetic fluid is a colloidal dispersion of extremely fine (] ()() to
150 A) sub-domain ferromagnetic particles, usually magnetite (Fe304), in various carrier
fluids, such as water or kerosene. The ferrofluids are made stable against particle
agglomeration by the addition of surfactants. When a magnetic fluid is placed in a magnetic
field gradient, it is attracted towards the higher magnetic field side. If a non-magnetic
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substance (e.g., abrasives in this case) is mixed in the magnetic fluid. they are discharged
towards the lower side. When the field gradient is set in the gravitational direction, the
non-magnetic material is made to float on the fluid surface by the action of the magnetic
levitational forces. The polishing operation in this process occurs due to the magnetic
buoyant levitational force.
Figure 4.1.1.1 is a diagram of the magnetic float polishing apparatus, showing
pennanent magnets located at the base of the apparatus. These magnets are located alternate
N and S on top of the float vessel. A guide ring is mounted on top of the float vessel to
contain the magnetic fluid. Magnetic fluid containing fine abrasive panicles, fills into the
chamber. Silicon nitride blanks for balls are located between the drive shaft and the float.
The end of the drive shaft can be chamfered and a flat float can be used underneath, or
ahemately, the shaft end can be flat and the top surface of the float can have a V-groove to
fit the balls. Three point contact is preferred. When a magnetic field is applied. the ceramic
balls, abrasive grains. and the float of non-magnetic material all float and are pushed
upwards by the magnetic fluid. The ceramic bans are pressed against the drive shaft and
are finished by the rotation of the drive shaft. The time required to finish the baUs to the
same accuracy or better by this technique is reported to be at least one to two orders of
magnitude faster than by conventional polishing techniques. Consequently, this technique
can be extremely cost effective and a viable method for the manufacture of ceramic balls.
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Figure 4.1.2.1 Schematic of the magnetic abrasive finishing process
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4.].2 MAGNETIC FIELD ASSISTED POLISIDNG OF SI3N4 ROLLERS
In the magnetic abrasive finishing process, a magnetic-abrasive agglomerate is
used. The f'mishing pressure is exerted by the magnetic field. Figure 4.1.2.1 is a schematic
of the magnetic abrasive finishing process. The magnetic abrasives are linked to each other
magnetically between the magnetic poles Nand S along the lines of magnetic force,
forming flexible magnetic abrasive brushes. A cylindrical workpiece, such as a SiJN4
roller, is clamped to the chuck of the spindle providing a rotary motion. Axial vibratory
motion is introduced in the magnetic field by the oscillating motion of the magnetic poles.
The rollers can be magnetic or non-magnetic. Hence, this technique is equally applicable to
both steel and ceramic rollers. The process is highly efficient and the removal rate and
finish depend on the workpiece circumferential speed, magnetic flux density, working
clearance, workpiece material, size of the magnetic abrasive conglomerate, including the
type of abrasive used, its grain size and volume fraction in the conglomerate. The size of
the magnetic abrasive conglomerates is about 50 to 300 rom and the abrasives are in the 1 to
25 mmrange.






: 1.5 hp Hardinge Precision Lathe,
: 5-15 mm diameter x 120 mm long
cylindrical roller
: 45mm long
: 500, l~OOO, and 2,000 rpm (corresponding
to 20, 40, and 80 m/sec.)
Current density : 0.5, 1, and 2A
Magnetic field density: 0.5-1.2 T
Vibrational frequency : 15 Hz,
Vibrational amplitude: 0.06 in,
Magnetic pressure : 0-40 KPa
Magnetic core : 0.16% carbon steel
Magnetic abrasives : B4C, SiC, and Cr203 abrasive (5-10 !lm) in a
matrix of iron particles (100-400 !lm)
: dry, oil, zinc stearate
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4.2 SILICON NITRIDE WORKMATERIAL
Silicon nitride has been at the forefront of developments in high-strength, high-
temperature materials, because of the possibility of its use in the development of more
efficient ceramic gas turbine engine that can run at temperatures far beyond the capability of
conventional superalloys currently used [Katz. 1985, 1983, 1989, 1994; McColm. 1983].
In addition, silicon nitride is also being used as balls and rollers in hybrid bearing
applications, where higher stiffness. higher precision, higher specific weight, higher wear
resistance, higher speed capability, and higher temperature capability are some of the
considerations.
Silicon nittide is predominantly a covalent (75 %) solid built up of Si3N4-tetrahedra
joined in a three dimensional network by sharing comers [Katz, 1985, 1983, 1989, 1994;
McColm,. 1983]. t3-Si3N4 has a hexa.gonal structure. Although it was originally believed
that an a-fonn exists that fonn was found to be a defective silicon nitride containing one
oxygen for every 30 nitrogen atoms, and is therefore regarded as an oxynitride. Silicon
nitride can be processed by sintering, reaction bonding, hot-pressing, and HIP'ing. Yttria
or magnesia are the common sintering aids. During the high-temperature hot-pressing of
silicon nitride with, small amounts of MgO addition, a complex glassy phase is found to
fOIm at the grain boundaries. It is primarily a magnesium silicate modified by Ca, Fe, AI,
and other impurities initially present in Si3N4. At temperatures around 1100 oC, grain
boundary sliding occurs under load. Additions of yttria to Si3N4, generally leads to a
crystallization in the glassy phase at the grain boundaries instead of pure glassy phase with
MgO. However, the oxidation resistance of this material was found to be inferior to those
with MgO additions [Katz and Gazza, 1983]. For this reason, MgO added Si3N4 is
increasingly used in high temperature applications.
Hot-pressed ShN4 is produced either by conventional uniaxial hot-pressing or
HIP'ing. One starts with an (l.-Si3N4 powder that has a densification aid, such as MgO,
y 20:3 or SiBeN2. Under pressures of 14 MPa and temperatures in the range of 1650 °C to
1750 0C, some of the (l.-Si3N4 reacts with the additive and a thin layer of Si02 is formed
that coats each particle of Si3N4, producing a liquid silicate in which the remaining (l-
Si3N4 dissolves and re-precipitates as elongated ~-Si3N4 grains. On completion of the (l
to p transformation, the elongated ~-grains are surrounded with a residual silicate
oxynitride grain boundary phase. The elongated nature of these grains, that are typically
0.5 to 4 mm, gives hot-pressed Si3N4 its high strength.
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The apparent limitations of the hot-pressed Si3N4 are due to the nature of the grain
boundary phase and not intrinsic to the Si3N4 [McColm, 1983]. So, attention was
focussed on connolled modification of the grain boundary , such as grain boundary
crystallization in hot-pressed ShN4 with y 203 additions. While such a modification was
found to provide higher strength at both room and elevated temperature (1400 0C) as well
as better creep and oxidation resistance, this material was found to suffer from an
intennediate temperature oxidation (1000 °C) problem. This material is also found to be
difficult to finish by grinding and polishing. Consequently, complex parts made of this
material are rather expensive, once again shifting the emphasis to Si3N4 with MgO
additions.
Relatively pure Si3N4 material was found to be elastic to facture exhibiting
practically no plasticity. This is understandable in view of the predominantly non-ionic
nature of bonding in this material. Impurities in the material seem to enter into the grain
boundary glassy phase and lower its viscosity. Thus, the high-temperature mechanical
properties of hot pressed Si3N4 appear to be controlled by impurities and, more likely, the
hot-pressing aid. Grain boundary sliding is the suggested mechanism for subcritical crack
growth, plasticity, and creep.
In this investigation, HlP'ed silicon nitride balls (NBD 200) acquired from Nonon
Ceramics were used. Table 4.2.1 gives a summary of some of the properties of this
material. Figure 4.2.1 is a scanning electron micrograph of a polished and etched (with
HF) silicon nitride showing interlinked columnar ~-silicon nitride grains.
4.3 ABRASIVES USED:
The boron carbide, silicon carbide, and chromium oxide used in this investigation,
were obtained from Norton Co. Figures 4.3.1 to 4.3.3 show scanning electron
micrographs of silicon carbide, boron carbide and chromium oxide abrasives, respectively.
The lower magnification shows an aggregate sample and higher magnification shows
details of the abrasive. It can be seen that both boron carbide and silicon carbide have sharp
fracture facets while the chromium oxide abrasive appears as an agglomerate of fine
particles. Later in the results, the wear debris of all the three abrasives are compared to
detennine the severity of abrasion. Table 4.3.1 shows the hardness of various abrasives.
It can be noticed that the hardnesses of silicon nitride and chromium oxide are in the same
range, while boron carbide is the hardest abrasive used in the present investigation.
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Table 4.2.1 Properties of HIP'ed silicon nitride used in the present investigation
- - _. - . - -
Tensile StrenR.tb MPa 400
Flexural Stren2th Mfa 800
Compressive Sttength. MPa
Fracture Tou2bness, MPa-m-l/2 4. )
Densitv. Rm/ cc " 3.3
Elastic Modulus. OPa 320
Poisson's Ratio 0.26
Hardness Vick.ers (10 Kg). OPa 16.6
Thermal Expansion Coefficient. 2.9
10-'/OC
Thermal Conductivity, W/m-K 29.3
Maximum Use Temperature, °C 1000
Table 4.3.] Hardness values of the abrasives used [Schnieder, 1991]
Material Density HardneBs: Me1U,~ P.~,~I'
, I GJ\lIC MPa OC
, DIamond ee) 3.5 >5000 ~O·
Boron Carbide fB..C) 2.5 2800·3500 2460
Silicon Carbide (SIC), 3.2 2300·2700' 2400
Silicon Nitride .lShN.) 3.2 .... 1600·2200 1900
Chromium Oxide 6.2 1800·2000 2285 ". '\t
!ICr203)
;Alumlnlum Oxide (AI203) 4.0 1600·2000 2040
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Figure 4.2.1 SEM micrograph of a polished and etched silicon nitride showing
intemallinked columnar beta-silicon nitride grains
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Figure 4.3.1 SEM micrograph of as received silicon carbide abrasives
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Figure 4.3.2 SEM micrograph of as received boron carbide abrasives
50
Figure 4.3.3 SEM micrograph of as received chromium oxide abrasives
5 1
Carbide abrasives are capable of undergoing oxidation, resulting in the fonnation of
thin films of oxide on the abrasives. As a result, surfaces of silicon carbide are covered
with silica, which is the same oxidation product as that of silicon nitride. Boron carbide
abrasive on the other hand, contains thin layer of oxide, which may participate in the
chemical reaction during polishing.
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CHAPTER 5
lHERMODYNAMIC AND REAT TRANSFER ANALYSES
. In this chapter. a thennodynamic analysis. namely, is conducted at the flash
temperatures generated in polishing of silicon nitride with different abrasives, to determine
the various compounds that can be fonned. This is followed by the modeling of the flash
temperatures generated at the real areas of contact. Using the model recently developed, for
a moving disk heat source, by Hon and Komanduri [1994) and Jaeger's solutions for this
problem, flash temperatures generated in magnetic abrasive finishing are estimated. The
effect of various process conditions, such as pressure exerted by the abrasive on the
workmaterial and rotational speed of the workmaterial on the flash temperature generated,
are considered here. Finally, a phase equilibrium study is made to consider the various
phases that may form between the silicon nitride workmaterial and the abrasives. This
study should facilitate the identification of different compounds that may form at a given
temperature.
5.1 TIlERMODYNAMIC ANALYSIS
The tribological and tribochemical behavior of silicon nitride. examined in the
literature, suggest that oxidation is the main reaction mechanism. However, in the case of
silicon nitride, the action of the abrasive in the reaction process is not as well understood as
the case of alumina. Ammonia formation was detected during the wet grinding of silicon
nitride suggesting that oxidation was in progress. No evidence was shown of the abrasive
actually taking part in the reaction.
Oxidation kinetics studies reported in the literature shows that silicon nitride gets
oxidized in air [Munro and Dapkunas, 1993; Cubicciotti and Lau, 1978 and 1979; Singhal,
1976 (a); Kiehle et aI., 1975; Echeberria and Castro, 1990; Lange, 1979; Clarke and
Lange, 1980; and Falkand Engstrom, 1991], and humidity helps in enhancing the process.
Experimental results indicate that the activation energy required was 375 KJ/mole as
compared to 488KJ/mole in the case of air [Singhal, 1976 (b); Contet et aI., 1987; Sato et
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et ai., 1991 and Xu et aI., 1994]. As the relative humidity mcreases, the oxidation also
increases. The activation energy required in the presence of water was found to be 108
KJ/mole [Xu et.aI, 1994].
A Gibb's free energy analysis was perfonned, keeping the above factors in mind,
to detennine the most effective environment for cherno-mechanical polishing. The results
indicate that water not only enhances oxidation but also dominates the process until 700
oK, beyond which oxidation is favoured in the presence of air. The various steps involved
in the calculations of Gibbs free energy are :
1) Determine the enthalpy of the reaction at 298 OK
AHO 298 = :EAHo 2980f the products - :EARo 298 of the reactants
o
2) Detennine the entropy of the reaction at 298 K
~S,0298 =:ELisoZ98 of the products - ~so298 of the reactants
3) Derermine the heat capacity of the reactants
:EC p = r.C p of the products - r.C p of the reactants




ASOT = ASo 298 + T
298
5) Derermine AHoT according to the equation
fT edT~HoT =m0 298 + ~298
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6) Finally, evaltuate .1GoT according to the equation
Table 5.1.1 gives the values of enthalpies. entropies, and specific heats obtained
from the literature [Kubaschevski and Block, 1979]. Table 5.1.2 gives the Gibb's free
energy values obtained for the case of air and water. upto 900 OK. From Table 5.1.2, it
can be seen that water is effective until 700 OK and air is effective above that. Therefore,
chemomechanical polishing can be done in water at much lower temperatures. This result is
used in the experimental work in which water is used as the medium of polishing.
Table 5.1.1 : Thennodynamic Values of Compounds in the Oxidation of Si3N4
Substance .1H~98 (Kcal) .1S~98 Cp =a + b.T + c.T2
(Kcallmole.) caVrnoI.°K
oK a b (x 10+3 ) C (x 10-5 )
ShN~ -178 27.0 16.86 23.6 0
H,Q -57.795 45.1 7.17 2.56 0.08
SiC), -217.6 9.91 4.28 21.06 0
I
6.00 -0.37NH~ -10.98 ,46.05 I 7.11
(), 0 49.0 7.16 1.0 -0.40
N" 0 45.77 6.83 10.9 -0.12
Table 5.1.2 Values of Gibb's Free Energy of Fonnation
(from calculations)
Sll..ICON NITRIDE aXillAnON IN AIR
AG~ = 208267 - 18.32 T. In.T - 365 T - O.16.IO-3.T2 + 1.74.1O+s.T-l
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Table 5.1.2 Continued .
Gibb's Free Energy
{) 0 0 0 0 0
l\G~oocK'l\G3oooK l\G4oooK l\GSoooll l\G6oocK l\G7oooK l\GgOocl(
at different Temperatures
I
Values obtained 67.9 18.7 - 30.7 -80.8 - 131 - 181 - 232
KCal/mol.
HYDROTIffiRMAL OXIDATION OF Sll...rCON NITRIDE
ShN4 + 6H20 ~3 SI02 + 4NH3i
l\G¥ = -169073 + 18.6 T. In.T + 156.47 T - 22.61.lO,3.T2 + O.98.1O+5.T·1
Gibb's Free Energy
0 0 0 0 GO I 0 0l\G3oooK l\G4OocK l\GSoooK l\G6OooK l\ 7000K l\GgOooK .1G9oocK'
at different Temperatures
Values obtained - 147 - 138 - 129 - 121 - 113 - 105 - 97
KCaVmol.
I
5.2 REAT TRANSFER ANALYSIS
The temperatures generated at the contact points are crucial in the chemo-mechanical
polishing. They affect the rates of reactions occurring at the contacting interface and bring
additional routes of reaction into play. There are two components to the interface
temperature. The fIrst one is the bulk temperature, which is the average temperature of the
surface layers of the specimen. The second one is the flash temperature, which is the
temperature reached by the individual contact points between the abrasive and the
workmaterial [Gee and Butterfield, 1993].
Measurement of the temperatures in the vicinity of the contact points during
polishing is difficult and not practicable in most situations. Analytical work perfonned by
previous authors, however, concentrates on metals in which plastic defonnation and
junction growth at the contact asperities are considered [Archard, 1959; and Ashby et al.,
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1991]. The same analysis cannot be used for ceramics owing to their brinle nature and lack
of junction growth. Therefore, a mathematical analysis was perfonned in which the flash
temperatures developed at the contact surfaces are detennined.
5.2.1. FLASH TEMPERATURE DETERMINAnON
A moving disc heat source model was used in the present investigation for the
calculation of flash tempertures at the real areas of contact between the abrasive and the
workmaterial. In this model,. the abrasive particles sliding over the workrnaterial generates
heat which in turn is dissipated into the surrounding material. Hou and Komanduri [1994]
have developed a mathematical analysis for the calculation of flash temperatures generated
in a moving disk heat source. In this investigation, their analysis was used for the
calculation of the flash temperatures generated in magnetic abrasive finishing of silicon
nitride roUers.
Temperature distributions in the polishing of silicon nibide rods were studied using
the abrasive contact approach. Abrasives contact the surface with a certain velocity during
polishing which raises the workpiece temperature due to frictional energy generated. This
energy is used to calculate the flash temperatures at the contact points. The amount of heat
generated can be calculated by the frictional energy. The contact area between the abrasive
and the work material fonns the heat source.
The present problem is the estimation of heat generated during polishing of Si3N4
rod. The rod is rotated in the spindle ofa lathe and the magnetic abrasives are held by the
magnetic poles. The poles alongwith the abrasives are made to oscillate along the length of
the rod during polishing. Abrasives traverse along the length of the rod with slidi ng
velocity, which can be detennined by the combination of rotational speed of the rod and the
oscillating speed of the abrasives. A magnetic abrasive agglomerate is used in the polishing
operation. Often,additional iron powder is mixed with the magnetic abrasive to aid in
polishing. The polishing pressure is detennined by the strength of the magnet as well as the
magnetic abrasive.
Flash temperatures obtained for magnetic abrasive finishing of silicon nitride rollers
are in the range of 1200 DC - 2000 °C, for a polishing pressure of 7.5 p.s.i. and rotational
speed in the range of 2000- 4000 rpm. The oscillating speed of the pneumatic head was 25
Hz. Flash times were on the order of 1.5- 22 Jlsec, which are much lower than the time
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taken for the adjacent abrasive to travel. From the results obtained it is confinned that the
flash temperatures are not cumulative and the reaction occurs at a nanometer level.
The results also show that the temperatures (flash temperature) developed at the
contact point of the abrasive increase as the pressure is increased (see Figure A.I. in
Appendix A for details). As the rotational speed of the Si3N4 rod is increased. the
temperatures developed in the work piece also increases (see Figure A.2. in Appendix A
for details). However, the length of the heat source did not have any effect on the
temperature rise. This is true, because, the rise in temperature was mainly a function of
sliding velocity and polishing pressure and is independent of the length of travel of the
abrasives. Variations in the amplitude and frequency for the same reason did not have any
effect on the flash temperatures. The volume fraction of the iron powder had an effect
owing to the differences in the heat dissipation.
To detennine the reaction products in chemo-mechanical polishing of silicon nitride,
using different abrasives, the characteristics of the surfaces of these materials have been
studied. Predictions are made using the phase diagram study. coupled with the flash
temperature analysis regarding tbe reactions that would proceed during polishing.
5.3 PHASE DIAGRAM STUDY
The surface characteristics of silicon nitride workmaterial and the abrasives have
been studied in detail. The surface of hot pressed silicon nitride with magnesia as the
sintering aid. essentially consists of silica and fOfsterite (a form of magnesium silicate,
Mg2Si04) at high temperatures. This further reacts with the oxide surfaces of the abrasives.
The surfaces of carbide abrasives are also covered with oxide layers of finite thickness.
Therefore. the reaction products can be studied from the phase diagrams of the oxide
systems formed in each case. The lowest temperatures at which liquids fonn in the above
systems are tabulated. Table 5.3.1 shows the reaction data with oxide abrasives and silicon
nitride and Table 5.3.2 shows the reaction data with carbide abrasives and silicon nitride.
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Table 5.3.1 Reaction Data Of Oxide Abrasives With Silicon Nitride
Type of Reactants Melting Temp Composition Ref.Ernest, 1956
Abrasive (OC) ~
MgO MgO - Si02 1545 35% MgO- Fig. 83
65 % Si02
Cr2O:3 MgO - Cr2O:3 2100 90% Cr20 3 Fig. 81
.-10% M~O
Cr20 3- Si02 1723 96% Si02 Fig. 122
•- 4% Cr203
MgO- Cr20 3 1546 ,34.5% MgO Fig. 387
- Si02 - 1% Cr203
- 64.5% Si02
MgO-Cr2~ 1550 39%MgO Fig. 387
- Si02 - 2% Cr203
- 59% Si02
I FeD FeO- MgO 1800 90% FeO- Fig. 71!
10%MgO
FeO- MgO '1250 Fig. 363
- Si02
,Cao CaO-MgO 2300 62% CaO- Fig. 40
I 38%MJ?;O
Cao- Fe203 1200 18% CaO- Fig. 46
I 82% F~01
CaO- Fe203 1185 45% of 2CaO. Fig. 344
- Si02 'Fez03- 55%
I of CaO.Si02
Cao- Si02 1436 65% Si02 - Fig. 48
35%CaO
MgO-CaO- 1388-1450 Fig. 278
Si02
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Table 5.3.1. Continued .
MgO-CaO- 1388-1450 I Fig. 278
Si02
Ce02 ,MgO-Ce~ 2280 Fig. 82
Ce~- Fe304 1500 Fie.. 126
Ce02- F~04 1500 Fig. 126
Table 5.3.2. Reaction Data Of Carbide Abrasives With Silicon Nitride
Type of Reactants Melting Composition Reference
Abrasive Temp. (DC)
B4C MgO- B20 3 988 99.2% B20 3 - Davis, 1945
i
O.8MgO
MgO- B20 3 1381 53.6% MgO- Davis, 1945
46.4% B20 3 I
MgO- B20 3 1366 63.5% MgG- Davis, 1945
36.5% B20 3
MgO- B20 3 1358 72%MgO-28% Davis, 1945
B 20 3
BaO - B2~- 0::: 800 53.5% B20 r Ernst, 1956 and
Si02 46.5% Si02 Babushkin,
1985.
SiC Same reactions as in the case of MgO abrasive would occur because of the presence
of Si02 1ayer on the surface [Ernst, 1956].
Formation of liquids or viscous fluids (near liquid regions) can be favorable in the
polishing of silicon nitride in achieving a high quality surface with minimal damage. The
data collected in this section will be used as a basis for the results obtained from SEM and




The results obtained from the cherne-mechanical polishing of silicon nitride are
presented in this section. Silicon nitride rods were polished in air and silcon nitride nitride
balls were polished in a water base magnetic fluid to which different abrasives were added.
Abrasives mixed with iron powder were used in the Magnetic Abrasive Finishing of
rollers. The iron content was kep't constant at 60 wt% with all three abrasives.
In the case of Magnetic Float Assisted Polishing of balls, the abrasive content was
kept constant at 10% by volume. The results obtained from the magnetic float polishing of
balls are discussed in the section 6.1 with all the three abrasives. The first part presents the
surface characteristics obtained from the balls from SEM and Talysurf. Analyses of the
wear debris from the EDXA and SEM are presented for each abrasive in the second part.
The results from the XRD are discussed in the third pan.
In section 6.2, the first part discusses the results obtained from the surface
characterization studies, during magnetic abrasive finishing of rollers, using chromium
oxide abrasives. Results from the wear debris analysis using EDXA and SEM are
presented in the second part. Finally, the XRD results obtained in this case are presented in
the third part of section 6.2.
6.1 MAGNETIC FLOAT POLISffiNG OF SIT...ICON NITRIDE BALLS
PART I
6.1.1 SURFACE CHARACTERIZATION OF THE BALLS
Figure 6.1.1.1 shows the SEM micrographs of the silicon nitride ball polished with
SiC abrasives. The low magnification picture shows the general features obtained as a
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result of polishing. At higher magnification, scratches and microcracks produced during
the polishing can be noticed. These suggest the severity of the abrasive action.
Figure 6.1.1.2 shows the SEM micrographs of the silicon nitride ball polished
using B4C abrasives. At low magnification, cracks developed during the polishing can be
observed.. High compressive stresses developed during the polishing may have resulted in
the cracks and causing surface damage to the ball. At higher magnification the scratches
produced on the surface can be seen.
Figure 6.1.1.3 shows the SEM micrographs of the ban obtained after it was
polished using chromium oxide abrasive. At lower magnifications, reduction in the extent
of surface damage can be observed. At higher magnification. it can be seen that the gentle
action of the abrasive coupled with chemical action resulted in yielding a surface with
minimal surface damage. Surface cracks present in the other cases were almost absent
with chromium oxide polished ball. Oxidation of silicon nitride in higher amounts and the
subsequent hydrolization of the oxide phase fesulted in a smooth surface finish.
Figure 6.1.1.4 shows the surface TOughness plots obtained using Talysurf surface
measurement technique. The peak to valley surface roughness (R~ value obtained in the
case of ball polished with boron carbide was maximum with a value of 0.20 jJ.m, while that
of obtained with SiC was in the comparable range with 0.18IJ.m, the least being the value
obtained was about O.04jJ.m obtained in the case of ball polished with chromium oxide.
These suggest the severity of action in the case of carbide abrasives. Material
removal is by multi grain pullout and cleavage resulting in a TOugher surface with extensive
surface damage. In the case of chromium oxide, the surface TOughness was the least
among the three cases suggesting that the material removal is superficial and the surface
integrity is maintained causing minimal damage to the silicon nitride ball.
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Figure 6.1.1.1 SEM micrographs of the silicon nitride ball polished with silicon
carbide abrasives
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Figure 6.1.1.2 SEM micrographs of the silicon nitride baH polished with boron
carbide abrasives
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Figure 6.1.1.4 Talysurf surface roughness plots of the silicon nitride ball polished with
silicon carbide, boron carbide and chromium oxide
66
PARTll
6.1.2 ANALYSIS OF TIlE WEAR DEBRlS
Wear debris obtained from polishing was washed in methanol to remove the
surfactants adhering to the particles. It was made into a colloidal solution in a ultrasonic
cleaner, to remove most of the iron particles. Later they were physically separated by
centrifuge to collect the wear particles. The wear debris obtained was dried prior to the
examination to reduce the agglomerate content. In the case of Magnetic Abrasive
Finishing, the particles were physically separated from relatively coarser iron panicles by
physical separation.
SILICON CARBIDE
Figure 6.1.2.1 shows the SEM micrograph of the wear particle and the EDXA
microanalysis obtained during polishing with SiC. The panicle size is about 10.0 J.1m and
it had suffered severe mechaanical damage. A part of the surface was cleaved during
polishing. The EDXA analysis of the wear particle shows the presence of silicon in major
amounts and iron in minor amounts. This suggests that the particle may be silicon carbide.
Fig 6.1.2.2 shows an SEM micrograph of the wear debris . Particles appear to be a result
of particle cleavage. The EDXA analysis shows the presence of silicon. Comparing with
the SEM micrographs of unused SiC abrasives, their fracture mode was found to be
identical. Thus, they were determined to be SiC particles. This suggests that the abrasives
are being subjected to high stresses causing the disintegration of the abrasives. Fig 6.1.2.3
shows another group of wear particles. The EDXA analysis shows the presence of silicon
and magnesium. The presence of magnesium suggests the particles are silicon nitride. The
presence of Magnesium in appreciable amount suggests that it could be a result of either
oxidation or a result of severity of mechanical abrasion. Debris dimensions suggest that
severity of action of the abrasives could be a more probable reason. Fig 6.1.2.4 shows the
SEM micrograph of a long wear particle. Surface shows that the lateral crack has
propagated from the left and removed a chunk of material from the ball. The right end of
the panicle shows a part of the material stm hanging from the main tx>dy. The severity of
the mechanical abrasion is more clear in this figure. EDXA analysis of the wear panicle
indicates the presence of silicon and magnesium in appreciable amounts suggesting that




















































































Figure 6.1.2.5 shows the SEM micrograph and the EDXA analysis of the wear
particle obtained during silicon nitride ball polishing using Boron carbide abrasives. The
EDXA analysis indicates the presence of silicon suggesting that the particle is Silicon
nitride. Initial scratching marks could be observed on the panicle. The panicle size was
about 15 to 20 J.l.m., higher than that obtained from SiC wear debris. Figure 6.1.2.6
shows the SEM micrograph and the EDXA analysis of another wear particle obtained
during polishing with Boron Carbide. Fracture mirror originating from the subsurface can
be observed (particle is overturned). Cleavage leading to the dislodgement of material in
the fonn of chunk can be observed in this case. Figure 6.1.2.7 shows another particle
similar to previous figure showing the propagation of surface cracks developed during the
removal of the particle. Figure 6.1.2.8 shows the SEM micrograph of the Boron Carbide
abrasives disintegrated during the polishing. EDXA analysis does not indicate the presence
of Silicon. This could be a result of the particles (of about 3 J.l.rn in size), containing
mostly Boron which could not be detected from EDXA.
CHROMIUM OXIDE
Figure 6.1.2.9 shows the wear particle and the EDX analysis. This suggests that
the effect of abrasion would be minimal in this case. Upon comparison with the unused
abrasive, It can ~ noticed that the abrasive panicle had sharper edges which became
rounded during the polishing operation. This would reduce the stresses developed on the
surface of the material causing lesser damage. Figure 6.1.2.10 shows the wear particle
obtained during polishing. This particles suggests that it was subjected to viscous
deformation. The flow patterns on the surface of the particle can be observed. EDXA
analysis indicated the presence of Silicon suggesting this could be a Silica particle, which
was mechanically removed. Figure 6.1.2.11 shows the silicon nitride particle scooped
from the balL The surfaces appear smooth and crack have not propagated as in the case of
Boron Carbide. EDXA analysis shows the presence of Silicon in larger amounts and traces
of chromium. It was understood that the oxidation of silicon nitride particle was in progress
at the time of removal. Figure 6.1.2.12 shows the SEM micrograph and the EDXA
analysis of the wear panicle obtained. EDXA indicates the presence of both Silicon and
Chromium in major quantities corresponding to the white particle. This is assumed to be a






























































































































































































(I) C' ~l.J ~...
I=t c..,) >-
1/) I- I 'l.l "-.'1 ~.- (0 :Il.l £.:S:1
L u_ ·L (I"")
III ILl
IV ~ .......... X
'-' 1:'-.) . '-+-- IS).=r =. 1:;:1'.' +-' ..::; t.:") [...:::...1...n::i ~_. ("-
n..! IT) I}I Il.l-,
'.......L - .....-.=, -l..
+-" I:..;J ILl
~"") ~ .V').
~-,.:) L- i::: -i'-' rr)
.J c'-) CI ( E




Figure 6.1.3..1 shows the XRD data obtained for SiC wear debris from the
Magnetk Float Assisted Polishing. The data show the presence of Silica and no other
reaction products. As it was understood from the literature survey, there were no other
reaction products other than silica. This suggests that the material removal mechanism is
mostly by abrasion. High stresses developing at the point of contact do not favour any
other compound fonnation
Figure 6.1.3.2 shows the XRD data obtained for Boron Carbide wear debris. This
shows the presence of Boron Silicate. However, it could not be detected in the wear
debris.
Figure 6.1.3.3 shows the XRD data obtained in the case of Chromium oxide. The
data indicate the presence of Chromium silicate and the fonnation of chromium nitride
during the reaction with surface of silicon nitride. This will be explained in the next
chapter. Chromium silicate phase. being the brittle intennetaHic phase, is removed during
the subsequent mechanical abrasion.
Therefore. it can be detennined from the results that the interaction between the
silicon carbide abrasives and the silicon nitride ball was essentially mechanical. Grain
removal appears to be the main mechanism by which material removal takes place.
Chemical action was minimal as the surface chemistry is the same. That sihcon dioxide
existed in different compositions is probably a result of flash temperature variations near
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chromium nitride as a result of ox.idation and chrornium silicate as a
result of chemo-mechanical action
6.2. MAGNETIC ABRASIVE FINISHING OF ROLLERS
PART I
6.2.1 SURFACE CHARACfERIZATION OF ROLLERS




Silicon nitride rollers polished with chromium oxide abrasives are characterized in
this section. Figure 6.2.1.1 shows the SEM micrograph of the surface obtained. The
surfaces were almost free of surface defects. suggesting that the chemical reactions
occurring between the abrasive and the workmaterial are predominant. There was no
swface crack generation due to the polishing process itself. It could be understood that the
higher temperatures (flash temperatures) produced on the surface during the polishing in
air has increased the chemical reaction rates.
Figure 6.2.. 1.2 shows th.e talysurf trace obtained in this case showed the roughness
value (peak to peak) of 0.0085 11m. an order of magnitude lesser compared to that obtained
while polishing in water.
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Figure 6.2.1.2 Talysurf surface roughness plot obtained during magnetic abrasive
finishing of silicon nitride rod using chromium oxide abrasive
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PARTll
6.2.2 ANALYSIS OF THE WEAR DEBRIS
Figure 6.2.2.1 shows the SEM micrograph and the EDXA analysis of the wear
debris showing the rounding of edges of a chromium oxide panicle, similar to that obtained
,
when polishing in water. Figure 6.2.2.2 shows the SEM micrograph and EDXA analysis
of another wear particle showing the fonnation of a chromium silicate phase due to the
chemical reaction between the wotkmaterial and abrasive. Figure 6.2.2.3 shows the SEM
and EDXA analysis of the wear particle showing the foonation of chromium silicate. The
particle appearance does not match with that of silicon nitride particle obtained from silicon
carbide wear debris. It could have resulted from either the removal of silica film formed on
the surface or a disintegra~ed particle of chromium silicate. However. chromium was not
found in the EDX pattern obtained for the image. Therefore. it was understood that the
particle was of silica which has undergone viscous deformation due to the stresses
developed at the contact zone.
PARTID
6.2.3 XRD ANALYSIS
Figure 6.2.3.1 shows the XRD pattern obtained for the wear debris. Data shows
the presence of Chromium nitride and Chromium silicate in greater quantities compared to
that obtained when polishing in water. This could be because of the higher flash
temperatures facilitating the silicate phase to increase in its crystallinity. Moreover,
hydrolization of silica and other reaction products tend to impart amorphous nature to the
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FigllIe 6.2.3.1 XRD pattern obtained dming chen10mechanical polishing of silicon
nitride rOO in air using chromiulO oxiJe abrasives shows llle presence of
hromium nitride ilnd chromium silicate
From these results, it is understood that chromium oxide is a material which
undergoes chemical reactions with the oxidation products of silicon nitride. It also,
enhances the oxidation kinetics by lowering (considerably) the activation energy required.
Chromium oxide forms a silicate phase while reacting with silica, which is subsequently
removed during the abrasive action. It. also. participates in the oxidation of silicon nitride
by reacting with silicon nitride directly fonning chro~umnitride as the reaction product.
Carbide abrasives do not undergo extensive chemical interactions with the workmaterial.
The constituents of the silicon nitride oxidation product and the surface layer of SiC are
identical. However, Boron carbide does undergo chemical reaction with silica, but may nOE
be the sole mechanism of material removal. In fact, the reaction between oxide present on




DISCUSSION AND PROPOSED CHEMO-MECHANlCAL MODEL
In this chapter, a new chemo-mechanical model is presented for polishing silicon
nitride workmaterial with chromium oxide abrasive (both dry and in water). This model
takes into account some of the ideas developed by the earlier investigators. It also takes
into account results from the Gibb's free energy analysis and phase diagram study, coupled
with the experimental results obtained from the present work.
7.1 ANALYSIS OF THE CHEMO-MECHANICAL POLISHING MECHANISMS
PROPOSED IN TIlE LITERATURE
Silicon nitride was mechanochemically polished by Vora et al [1982] using softer
abrasives. such as Fe20 3 and Fe30 4 (3-5 mm grain size). They obtained a surface finish
(peak-to-valley Toughness or Rmax) of about 20 nm. They, also, analyzed the silicon
nitride samples polished with Fe203 using an Auger Electron SpectTascope (AES) and
found the Auger peaks to closely resemble the oxygen rich silicon oxynitride. From this,
they concluded that oxidation is a possible mechanism causing chemo-mechanical polishing
of silicon nitride.
Kanno and Suzuki [1983] detected formation of ammonia during grinding of
silicon nitride powder in water. Sugita et al [1984] studied the mechanism of material
removal of silicon nitride rubbing in water. Ion microprobe analyses of the samples
showed ions of silicon. with hydrogen and oxygen ions remaining on the polished
surface. The wear debris analyses showed the material to be amorphous as they could not
identify any visible peaks from the X-Tay diffraction studies. However, when the sample
was heattteated. for one hour at 1170 OK. and examined, the X-ray diffraction data showed
conversion into a-cristobalite (a-Si~). Based on this, they concluded that a-cristobalite
existed in an amorphous form and/or an amorphous silicon hydrate (Si02. x H20) existed
in the rubbing remnants. They postulated that oxidation of silicon nitride under the heat of
friction results in the formation of an amorphous hydrate of silicon (Si02. x H20) by the
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action of water during rubbing. The amorphous hydrate of silica thus formed would
subsequently be removed from the rubbing interface by the mechanical action of the
abrasives.
Fischer and Tomizawa [1985] conducted tribochernical studies of silicon nitride on
itself in different gaseous and liquid media. In dry gases, they found wear to occur by two
fracture mechanisms. Within 1 rom of the surface, they found the asperity contact to
produce very large local stresses and cracking ona very fme scale. At a depth of 3-5 mm,
they found the fracture to follow the weaknesses in the material, with mostly intergranular
fracture and some transgranular cleavage. They, however, found no evidence of plastic
deformation. This is an important observation as some researchers of late claim (with no
real evidence) 'ductile' grinding of brittle materials. In water and in humidity saturated
gases, they found the wear to be predominantly by tribochemical reaction, which produces
an amorphous protective layer in humid gas and dissolution in water. They also found that
humidity has a significant effect in reducing wear in silicon nitride material. They found
that the oxide film fonned on the surface became hydrated and supponed the work material
by elastohydrodynamic lubrication. However, their wear debris analysis could not result in
the detennination of the actual structure and composition of the reaction products. They
expected it to be amorphous and contain oxygen. So, they assumed that it would be
hydrated amorphous silica.
Cranmer [1987] studied the wear of silicon nitride on itself in air. He examined the
wear surfaces using a scanning electron microscope with a X-ray microanalyzer and a x-
ray photoelectron spectroscope (XPS). The XPS provided the distinction between Si in
Si3N4, silicon oxynitride, and Si02; N in Si3N4, silicon oxyniuide; and 0 in silicon
oxynitride and Si02. He found the oxidation of Si3N4 to be related primarily to the
distance slid. He also found that the mechanical stresses at the wearing surfaces to enhance
the fonnation of oxide rather than oxynitride, when compared to materials exposed only to
temperature.
Jahanmir and Fischer [1988] conducted tribological studies of silicon nitride
lubricated by humid air, water, hexadecane, and hexadecane + 05 % stearic acid. They
found a tribochemical reaction to occur between silicon nitride and water in all four
environments, leading to the formation of an amorphous silicon dioxide layer on the
surface. They also found an absence of plastic deformation of the surface, similar to
Fischer and Tomizawa. Tornizawa and Fischer [1987], subsequently, found that moisture
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causes the fonnation of amorphous silica layer as a result of tribochemical r,eaction. They
also found that the silica layer dissolves slowly in water to fonn silicic acid (H2Si03). In a
review of tribochemistry, at the contact points in various ceramics, Fischer n988] pointed
out that flash temperatures generated due to the frictional heat detennine the tribochernical
reactions occurring at the surface.
Xu et al [1993] investigated the wear behavior of silicon nitride sliding on itself at
high temperature and pressure of water. They analyzed the wear tracks (both inside and
outside) using Auger Electron Spectroscope (AES), and found oxygen intensities inside the
wear track to be stronger than outside the wear track in a certain range of temperatures
(150-200 °C). After rubbing silicon nitride with itself in water, an analysis of that water
indicated that it contained ammonium ions suggesting that dissolution of the surface film
was in progress as per the following equation:
These studies unequivocally show that oxidation of silicon nitride is the crucial step
in the actual tribological and tribochemical behavior of this material. All the results indicate
the fonnation of an amorphous silica on the surface when silicon nitride was polished in
air, and the formation of a hydrated silica layer when polished in water. However, the role
of chromium oxide is considered to be one of a catalyst rather than directly involved in the
chemical reactions. Flash temperatures generated at the contact points during polishing
detennine both the possibility of a given reaction(s) and its rate. Therefore, it is necessary
to study the oxidation phenomenon further to clarify the conditions under which the
process is favoured and determine the flash temperatures developed during polishing.
Further, it is necessary to perfonn the Gibb's free energy analysis at these flash
temperatures to determine the chemical reactions favorable in air and in water,
respectively.
7.2 nrnORETICAL CONSIDERATIONS
Silicon nitride oxidizes in air in appreciable amounts beyond 1000 °C [Singhal,
1976]. Figure 7.2.1 is a schematic showing the reaction processes occumng during
oxidation of hot pressed silicon nitride [Singhal, 1976]. It was shown that the grain
boundary phase plays a crucial role in the oxidation process. Apart from the diffusion of
anionic species (oxygen) into the silicon nitride workmaterial, there is another step which
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balances the kinetics of the process. This is the diffusion of the cationic species (i.e.
sintering aids, such as Mg, Ca, Y ions) out of the grain boundaries to the surface
[CUbicciotti and Lau, 1978 and 1979; Falk and Engstrom. 1991]. Diffusion of the cationic
species was detemrined to be the rate controlling step in the oxidation of silicon nitride.






Figure 7.2.1 Schematic showing the reaction processes occurring during the
oxidation of silicon nitride
It was also found that the presence of water vapor in air greatly accelerates the
oxidation of silicon nitride and catalyzes the devitrification of silica [Singhal, 1976 (a)],.
The corresponding value for the activation energy in wet air is 375 + 25 KJ/rnole
[Singhal, 1976 (b)]. As the relative humidity increases, the oxidation increases. The
activation energy required in the presence of water is 108 KJ/mole [Xu, et al, 1993].
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Oxidation of silicon nitride results in the fonnation of a Si02 film on the surface
and is given by the following equation.
The fonnation of the SiCh fIlm is associated with the fonnation of nitrogen gas. As
the partial pressure of the gas increases in the oxidized layers, the gas is released fonning
pores and cracks in the fum. Other reasons for the formation of cracks are the thennal
expansion mismatch at the Si3N4 - Si02 interface and/or the low temperature phase
traDsfonnations occurring in the silica fihn. The nature of the SiCh film is not protective in
the sense that the rate of oxidation is unaffected by the removal of the oxide scale. This
suggests that oxidation is not controlled by the diffusion of oxygen into the scale alone.
Sinteringadditives such as MgO, CaO and Y20J are present in HPSN and HIPPed
Si3N4 [Kiehle et aI., 1975 ; Echeberria and Castro, 1990]. In the present work, hot
isostatically pressed Si3N4 with MgO additions is used. The material consists of two
phases Si3N4 and Mg2Si04. Oxidation of this two phase product in air can be represented
as:
( 1 - x) Si3N4 + 3 ( 1 - x ) O2 ~ 3 ( 1 - x ) Si02 + 2 ( 1 - x ) N2i =>(2)
x. Mg2 Si04 + x.. Si02 ~ 2. x. Mg SiOJ =>(3)
to yield a net reaction of
( 1 - x ) Si3N4 + x. Mg2 Si04 + ( 3 - 4 x ). Si02 ~ 2. x. Mg SiD3 + 2 ( 1 - x ) N2 =>(3)
The compositional gradient, defined by the anion (oxygen ion) diffusion, sets up a
reaction couple between the surface and the interior, which is a continuous phase
containing Mg [Lange, 1979; Clarke and Lange, 1980]. If the initial phase of the material
is the same as X.Mg2Si04 + (I-x) Si3N4, the reaction couple is Si02 (surface)/Mg2Si04
(interior); Mg2Si03 is the reaction product. Attainment of equilibrium in this type of
reaction couple (Eqn. 3) requires the cation (MgO ion) diffusion. Since, Mg concentrates in
lh.e oxide scale, it is obvious that Mg is the principal diffusing cation species of such a
couple. Mg will diffuse from the interior to the surface in an attempt to equilibriate the
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reaction 3. Continuous depletion of Mg from the Si3N4 _Si02 interface would lower the
concentration of Mg at the interface. This provides a gradient from bulk to interface for Mg
transfer..




The oxidized layer of the Si3N4 consists of 3 pans. First, a layer of finite thickness
containing 3 phases of Si3N4, Si20N2, and Mg2Si04 with a steadily decreasing content of
Si3N4; an interlace of negligible width contains Si20N2 and Mg2Si04. Second, a layer of
finite thickness consisting of 3 phases Si20N2, Mg2Si04, and Mg2Si03 with an increasing
Mg2Si03 content; an interface of Si20N2and MgzSi03. A third layer of finite thickness
consisting of Si20N2, Si02, and Mg2Si0J. and finally, at the top of the oxide scale, a layer
of Si02 and Mg2Si03. It is this cation diffusion which is the rate controlling step in the
oxidation of silicon nitride.
Enstatite (Mg2Si03) forms in appreciable amounts beyond 11000 C and this
increases with temperature. Above 1375 oC, the surface is mostly covered with Si02
(Crislobalite) and M.g2SiO). The amount of Si<h formation is appreciable around 9820C
and increases to a maximum up to 1200 Dc. [Cubicciotti and Lau, 1978 and 1979]
The compositional change from the bulk to the surface can be represented by a
combination of the temary phase diagrams formed by Si3N 4, Si20N 2, Mg2Si04,
Mg2Si03, Si02, and MgO. The composition at each location in the scale shifts from one
compatibility triangle to another. Each compatibility triangk will have its own eutectic
composition and temperature. Should the oxidation temperature exceed one of these
eutectks. a liquid will be fonned, within the oxide scale, at a depth where the composition
lies within that compatibility triangle. The amount of liquid will depend on how close the
compositional curve is to the eutectic temperature and on the temperature in excess of the
eutectic temperature. Formation of the liquid glassy phase has two effects. First, it provides
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a diffusional path for the reacting species to the scale/subscale interface. Second, it
accommodates the molar volume changes which accompany the reaction products.
Therefore, the formation of a eutectic glassy phase is the key in obtaining a smooth, defect
free surface.
Thus, the flash temperature (temperature generated at the rea) area of contact
between the abrasive and the workmaterial) determines the nature of chemical reactions
occurring within the oxide scale among the species of the oxidation products and also the
constituents of polishing, such as the abrasive and the medium (magnetite particles).
Measurement of the temperatures in the vicinity of the contact points during polishing is
difficult and not practicable in most situations. Analytical work performed by previous
authors. however, concentrates on metals in which plastic defonnation and junction growth
at the contact asperities are considered [Archard, 1959; and Ashby et al, 1991]. The same
analysis can not be used in the case of ceramics owing to their brittle nature and lack of
junction growth. Therefore, it was determined to adapt a suitable mathematical model to
detennine the flash temperatures generated at the contact interface.
A model combining the heat transfer principles with the moving heat source concept
was applied to detennine the flash temperatures. This model was developed by Hou and
Komanduri [1994] and in the present work that model was applied to magnetic abrasive
finishing to calculate the flash temperatures generated (an example calculation and other
details are given in Appendix A). Material properties such as thermal conductivity and .
thermal diffusivity were used to detennine the amount of heat input into the workmaterial
and the abrasive. Experimental conditions, including the rotational speed and the polishing
pressure, were taken into account to relate the elastic behavior of the materials in question.
The flash temperatures were determined at the real areas of contact using the model.
Henzian stresses were· detennined and the real area of contact was calculated using the
mechanical propenies of the abrasive and workmaterial and their shape factors. The flash
temperatures generated in the case of silicon nitride rods polished dry (i.e. in air) were in
the range of 1200 to 2,000 °C, while in the case of balls polished in a water-based
magnetic fluid, they were much lower and in the range of 400 to 800 0c.
Determination of the most favorable conditions for compound formation in a
particular medium was analyzed using Gibb's free energy of formation. In the present
work silicon nitride balls were polished in water and silicon nitride rods were polished in
air (dry). Therefore, the determination of Gibb's free energy under the experimental
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conditions taking the flash temperatures developed into consideration, would yield the exact
detennination of the action of the medium under which the polishing is in progress. The
results indicated that water favoured the oxidation of silicon nitride up to a temperature of
700 DC and at higher temperatures, oxidation was more dominant in air. The possible
reaction products between the workmaterial and the abrasive in question were determined
from the phase diagram study. The surface chemistry primarily detennines the nature of
reactions under the conditions of polishing. Chromium oxide abrasive was found to react
with silica layer to form chromium silicate. Boron carbide abrasive, which inherently has a
thin oxide layer (B203)' was found to react with silica to give borosilicate glass. Silicon
carbide however, does not differ in surface chemistry from silicon nitride as both have
silica layers on the surface. Therefore, it was assumed that the reaction would be of no
consequence in the chemo-mechanical polishing of silicon nitride with silicon carbide.
7.3 CORRELATION OF RESULTS
Results from the theoretical analysis and from the experimental work were
correlated in this section and a plausible mechanism leading to the chemo-mechanical
polishing of silicon nitride with chromium oxide abrasive has been proposed. SEM work
showed smooth surfaces in the case of chromium oxide and somewhat rough surfaces,
with cracks, pits, and other surface defects in the case of carbide abrasives. Surface finish
measurements indicated that the roughness obtained by the boron carbide to be the
maximum and by chromium oxide to be the minimum, with silicon carbide in between.
This can be attributed mainly to the hardness of the abrasive. Boron carbide being the
hardest abrasive, though it has some affinity towards silicon nitride, did not result in a
good fmish. Because of the extremely high contact stresses generated at the real area of
contact at the interface, the workmaterial failed due to concoidal fracture and cleavage.
Silicon carbide abrasives, on the other hand. had a lower hardness compared to boron
carbide abrasives. However, the energy utilized in the chemical reaction was minimal (the
only possibility is the reaction of silica layer present on the abrasive to reaction with the
species of magnesium). Therefore. the mechanism of material removal was mainly due to
mechanical abrasion. Particles of smcon nitride were dislodged due to multigrain pullout
and tearing modes.
EDX analyses were conducted on the wear debris obtained with all the three
abrasives. The results showed that the carbide abrasives did not give any reaction products
as predicted. Borosilicate fonnation could not be detected because boron is a light element
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and the X-ray dispersive microanalyzer associated with the SEM is not capable of detecting
light elements. However, chromium silicate could be detected in the wear debris obtained
during polishing of silicon nitride balls in water. The particle size of the reaction product
was about 150 nm. It could not be seen directly (other than the panicles adhering to the
surface of the silicon nitride particle) because of the magnification n~eded was about
50.000 X to 75, 000 X. However, in the case of silicon nitride rods polished with
chromium oxide in air, the particles of chromium silicate could be directly observed owing
to th.eir larger size. TIlls could be attributed to the higher flash temperatures generated at the
contact interface. The particle would readily crystallize at this temperature owing to its high
surface area compared to that obtained when polishing in water.
XRD results obtained from the wear debris conflnned the above findings. Silicon
carbide wear debris could not give any peaks other than silica and boron carbide wear
debris indicated the presence of Borosilicate and other silica phases.
However, chromium oxide wear debris, obtained from the polishing of silicon
nitride ball,. indicated the presence of chromium silicate in less proportion when compared
to that of the peaks obtained from the wear debris of rod polished in air. This, again,
confinns that the wear particles of the reaction product obtained in the previous case are
either too fine a grain or amorphous in nature. Particles obtained in the second case were
more crystalline, indicating stronger peaks.
The other reaction product found from the chromium oxide wear debris in both
cases was particularly interesting in the sense that it has directly reacted with the parent
material itself instead of the surface layers. Presence of chromium nitride was found in
both the cases. The chemical behavior of the chromium oxide abrasive, along with its
mechanical behavior, is evident from the above results. Therefore, a model was developed
explaining the chem<rmechanical action of chromium oxide abrasive in generating a defect
free polished surface on silicon nitride.
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7.4 PROPOSED CHEMO-MECHANlCAL POLISJnNG MODEL
7.4.1 CHEMO-MECHANICAL ACI10N OF CHROMIUM OXIDE IN AIR
Figure 7.4.1.1 is a schematic of the chemo-mechanical model for polishing silicon
nitride with chromium oxide abrasive in air. During polishing, chromium oxide abrasive
slides over the silicon nitride workmaterial with a relative velocity that can be calculated
from the experimental conditions. It is well known that silicon nitride is generally covered
with a thin layer of silica. During polishing, the abrasive makes contact with this layer. If
tbe depth of cut of the abrasive is larger than the silica layer thickness, which is generally
the case, then a part of the abrasive is in contact with the silica layer and another part is in
contact with the silicon nitride parent mareriaL
At the conditions of polishing (flash temperature and contact pressure), oxygen
from the surrounding atmosphere can penetrate through the silicon nitride to fonn silica on
the surface. This has to be balanced by the evolution of nitride ions through the bulk of the
material and the migration ofmagnesium ions to the top surface along the path provided by
the grain boundaries. When two nitride ions combine, a molecule of nitrogen gas is
formed in the bulk of silicon nitride and is evolved from the silica layer, giving rise to
porosity on the surface.
However, nitride ions can also react with the chromium ions provided by the
chromium oxide abrasive to fonn chromium nitride [Earnshaw and Harrington, 1973].
Chromium is also comparatively stable in the 2+ state when compared to the other states
such as the 6+, 5+, and 4+ the last two states being the least stable. Chromium in its 3+
state can form an enonnous number of complexes, particularly when nitrogen is the donor
atom, virtually all being six co-ordinate and octahedral [Earnshaw and Harrington, 1973].
The nitride ion, therefore, preferentially gets attached to a chromium ion. If it were
to combine with another nitride ion, as already pointed out, it fonnes nitrogen gas which is
subsequently released. Silicon nitride in the absence of chromium oxide in the vicinity, has
to release nitride ions which combine to fonn nitrogen gas. But, in the presence of














REACI10NS OCaJRRING IN mE CHEMOMEOIANICAL POUSHING OF
~'LICONNITRIDE WlTII CHROMIUM OXIDE ABRASIVES IN AIR
SiJN.. + 2 Cr~ -+ 3 Si02 + 4 erN
4 ShN.. + 2 CrzOJ + 9 02 -+ 12 SiCh + 4 erN + 6 N2 i
2 Cr20) + 2 SjQz -. 2 CrzSiO.. + Ch i
Figure 7.4.1.1 Schematic of the cheroo-mechanical model for polishing silicon
nitride in air using chromium oxide aInsives
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ions, 2. to combine with the neighboring nitride ion to achieve a stable state. Thus, in the
fIrst place. the residence time of nitride ions is increased which is advantageous from the
polishing point of view. When nitride ions do not get an opportunity to fonn molecules.
correspondingly. the amount of nitrogen gas evolved also gets reduced. This situation is
preferred as there would be less number of pores and microcracks generated on the surface
during polishing.
Furthermore,. when nitride ions combine in two ways. correspondingly. the oxygen
ion diffusion into the silicon nitride work material would increase. In other words,
chromium oxide abrasive facilitates in further enhancing the oxidation of silicon nitride
directly by forming chromium nitride. This hypothesis is somewhat different from the
earlier models, where the role of chromium oxide is assumed to be a mere catalyst in the
oxidation of silicon nitride [Vora et ai, 1982]. The arguments developed here can be
represented by the following equations.
The effect of air on the oxidation of silicon nitride can be represented by Eqn. 1. It
is believed that flash temperatures in polishing of silicon nitride workmaterial can be in the
range of 12QO-2000 0C. At temperatures above 1000 OCt oxygen dissociates the Si - N
bond to fann silica on the surface. This action generates four nitride ions which combine to
fonn two molecules of nitrogen gas. The nitrogen gas is evolved from the surface giving
rise to pores and microcracks.
The effect of chromium oxide alone on the oxidation of silicon nitride can be
represented by the following equation.
The attraction of chromium ions towards nitride ions and the presence of three
oxygen molecules of gas in chromium oxide and high flash temperatures present in the
vicinity. can provide enough energy to dissociate the Si - N bond from silicon nitride to
fonn silica. All the four nitride ions released from this action are combined to fonn
chromium nitride. Hence, there is no nitrogen gas fonnation in this case.
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However, the combined effect of chromium oxide and oxygen can be obtained by
adding and balancmg Equations 1 and 7. This is represented by the following equation:
Here, it can be seen that the amount of nitrogen gas production is effectively
reduced because of the chromium nitride compound fonnation. In tbe absence of
chromium oxide~ four silicon nitride atoms would have needed 12 oxygen molecules of gas
to produce 8 molecules of nitrogen,giving rise to 12 molecules of silica. But, the presence
of 2 molecules ofchromium oxide will facilitate m all the 12 atoms of silica fonnation, even
in the presenc,e of only 9 oxygen molecules, while limiting the nitrogen gas generation to
only 6 molecule. In other words, the activation energy required for silica fonnation is
being reduced and nitrog,en gas generation is not being favored. Both these issues are
critical in the ultimate polishing characteristics of silicon nitride.
Further, the action of chromium oxide on the formation of silicate phase can be
represented by the following equation:
Chromium in its 2+ state reacts with the silica layer to fonn chromium silicate as the
reaction product evolving oxygen as a by product. This oxygen inturn is made available for
the subsequent oxidation of silicon nitride. As silica is abundantly available near the
contact interface, naturally, the amount of silicate phase fonnation is favored at the point of
contact because of the high flash temperatures generated. Chromium silicate is a brittle
intermetaUic compound that gets removed during subsequent mechanical action by the
abrasive. The contact stresses generated at the interface are adequate to remove the reaction
product without disturbing the parent material. Consequently, the function of chromium
oxide is three fold. First, it enhances the oxidation kinetics by fonning chromium nitride
which facilitates the fonnation of silica layer. Second, it increases the nitrogen ion
residence time. which ultimately reduces the fonnation of surface porosity, which is crucial
in achieving a good surface without stress concentrations. Third, it reacts with the silica
layer to form chromium silicate, which gets removed during the subsequent mechanical
abrasion. Though. silica layer does not provide a protective layer, physical removal of the
surface ftlm increases the diffusional characteristics which again facilitates the oxidation
process. This may be tenned as an autocatalytic action of the abrasive, which removes
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material from the workmaterial while reacting with it, and the mere action of material
removal again fonns the same material which will be removed in the next instant.
7.4.2. CHEMO-MECHANlCAL ACTION OF CHROMIUM OXIDE IN WATER
Figure 7.4.2.1 shows a schematic of the chemo-mechanical model for polishing
silicon nitride with chromium oxide abrasive in water. Here, the reactions are essentially
the adsorption of hydroxyl ions to the swface of silicon nitride and oxidizing the surface,
which fonns initially a silica layer which further gets oxidized to fonn hydrated silica layer.
When the nitrogen ions get an opponunity to pair up with hydrogen ions present in water,
it forms ammonia gas. Generation of ammonia gas was detected by the previous
investigators that lending support to this hypotheis [Kanno et aI, 1983].
Chromium in its 2+ state in chromium oxide can react with silica, as in the above
case, to form chromium silicate. However, the reaction may be reduced by the action of
water on silica itself.
The following sequence of reactions explain the cherno-mechanical behavior of
polishing silicon nitride with chromium oxide in water. Oxidation of silicon nitride
proceeds in water as represented by equation 4:
~ (4)
Each molecule of silicon nitride requires 6 molecules of water giving rise to :3
molecules of silica and 4 molecules of ammonia gas. Six hydroxyl ions present in water
have again three equivalent molecules of oxygen gas to favour this reaction.
The action of chromium oxide alone in its 3+ state on silicon nitride can be again
represented by equation 7. The argument mentioned above is equally applicable here,
except that instead of nitrogen gas, ammonia gas is produced.
















REAcnONS OCCURRING IN TIlE OIEMOMEOIANICAL roUSHING OF
SILICON NITRIDE WITIJ CHROMIUM OXIDE ABRASIVES IN WATER
Si~~ + 6 H10 ..... 3 Si<h + 4 NU, i
Si)N4 + 2 Cr;103 -t 3 SiOl + • CrN
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Figure 7....2.1 Schematic of the chemo-mechan.ical model for polishing silicon
nitride in water using chromimn oxide abrasives
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Here, it can be seen that one molecule of silicon nitride, in the presence of one
molecule of chromium oxide, needs only 3 molecules of water, insteaq of the regular 6
molecules in the absence of chromium oxide. Rest of the 3 oxygens atoms required for the
reaction is provided by chromium oxide, which ultimately fOnDS the same amount of silica.
Also, in the usual situation there would have been 4 molecules of ammonia gas generated,
but, in the present situation, there are only 2 molecules of gas produced, because the rest of
the 4 nitride ions are reacting with the two chronUum ions (again it its 3+ oxidation state) to
form two atoms of chromium nitride. Therefore, chromium oxide is enhancing the
oxidation of silicon nitride in water, exactly in the same manner as in air. Here, too, the
reduced ammonia gas generation is advantageous in the production of a defect free or pore
free surface.
Further, chromium oxide, with chromium in its 2+ oxidation state. can react with
silica in the presence of water to fonn chromium silicate. As this reaction product is brinle it
can be removed during subsequent mechanical action of the abrasive. This reaction can be
represented by the following equation:
This equation is similar to the above case of air, chromium oxide in its 2+ oxidation
state reacts with silica, forming chromium silicate as a reaction product. This reaction also
evolved oxygen, panly replenishing to the amount that was spent during the previous
reactions. Therefore, oxygen is made continuously available even in water for oxidation.
Consequently, these reactions are almost identical. However, the important difference in
polishing silicon nitride with chromium oxide in water and in air is that water has a separate
reaction with silica whi,ch is represented by equation (6) and is repeated here for
convenience.
~ (6)
This reaction produces a hydrated layer of silica fonning silicic acid (H2Si03) as
the reaction product. This hydrated silica layer being amorphous. the reaction products
such as chromium silicate and chromium nitride generated during the cherno-mechanical
108
polishing with chromium oxide could not be detected in higher amounts as was the case in
polishing in air. Also, the flash temperatures generated during polishing of silicon nitride
in water are in the range of 500 to 800 0c where as in the case of polishing in air are much
higher, in the range of 1200 to 2000 0C. This enables chromium silicate (the reaction
product) and chromium nitride (the oxidation product) to increase in their crystallinity and
to achieve higher order arrangement of the lattices. XRD results obtained in both the cases
indicate the same result supporting this argument.
In conclusion, it can be pointed out that the chemo-mechanical polishing
mechanism is essentially the same in both air and in water, except that the intensities of the




Based on a detailed study of the magnetic field assisted polishing of silicon nitride
balls and rollers with chromium oxide abrasive the following conclusions can be drawn:
1. Chromium oxide abrasive provides a smooth surface in polishing of silicon
nitride worlanaterial
2. The mechanism of polishing of silicon nitride workmaterial with chromium
oxide abrasive is due to chemo-mechanica1 polishing.
3. The flash temperatures generated at the real areas of contact in polishing of
silicon nitride with chromium oxide abrasive are believed to be in the range of 1200 to 2000
°C.
4. Based. on the analysis of the wear debris, as well as that of polished balls and
rollers in polishing of silicon nitride with chromium oxide abrasive using SEM with X-ray
analyzer and X-ray diffraction, a new chemo-rnechanical polishing model is proposed. The
role of chromium oxide is found to be more than a catalyst, as proposed by the earlier
researchers.
5. Water enhances the oxidation of silicon nitride. It is an effective medium for
oxidation up to 800 OJ( beyond which air becomes the effective medium.
6. U sing the flash temperatures generated in polishing of silicon nitride
workmaterial, various reaction products that can be formed are identified. They were used
as a basis for the identification of the reaction products by X-ray diffraction.
7. SiC abrasives remove material entirely by mechanical abrasion. The surface
chemistry being the same as that of silicon nitride, the possibility of chemical reaction
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between them is negHgible. Material removal mechanism in this case was found to be by
multigrain pullout.
8. Boron carbide can fonn borosilicate as the reaction product during chemo-
mechanical polishing of silicon nitride. This being a low temperature reaction (around 800
°C -1000 °C), most of the energy is utilized in mechanical material removal. Panicle
cleavage was the main material removal mechanism with boron carbide.
9. Carbide abrasives yielded higher material removal rates and are thus
advantageous in the initial stages of polishing where the emphasis is on material removal
rates.
10. Chromium oxide abrasives on the other hand proved to be the most effective
abrasive in the chemo-mechanicalt polishing of silicon nitride. This abrasive perform three
functions. 1. It promotes oxidation of silicon nitride by directly reacting with the nitride
ions released during the initial oxidation to fonn chromium nitride. This reaction causes
reduction in the release of nitride ions, 2. Oxidation in the presence of chromium oxide
increases the residence time of the nitride ions, and promotes the release of nitride ions
from the bulk material which would otherwise get released as nitrogen gas from the bulk
of the material The activation energy required for oxidation in the presence of chromium
oxide is reduced considerably owing to the strong attraction of nitride ions towards
chromium ions in their 3+ oxidation state. Thus, it reduces the generation of surface
porosity during the oxidation of silicon nitride, and 3. Chromium oxide also takes pan in
the chemical reaction with the silica layer and forms Chromium silicate as the brittle reaction
compound which is removed during the subsequent mechanical abrasion.
11. Being softer than silicon nitride, chromium oxide does not abrade the
surface and generates smooth surfaces. The surface and subsurface defects are thus
minimized.
12. Chromium oxide abrasive invokes forms an autocatalytic action involving
formation and removal of the sHica surface layer during chemo-mechanical polishing of
silicon nitride.
13. The reaction mechanisms, in the case of magnetic abrasive finishing of
rollers and magnetic float polishing of balls using chromium oxide abrasives are identical.
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The main difference is the amount of crystallinity of the reaction products which increased
in the case of magnetic abrasive finishing because of higher temperatures generated at the
real areas of contact. Water causes hydrolization of silica layer, making it amorphous.
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CHAPTER 9
SUGGESTIONS FOR FUTURE WORK
The present experimental investigation concentrated on the reaction mechanisms
occurring at the contact interface between the silicon nitride material and three different
abrasives, namely boron carbide, silicon carbide, and chromium oxide with emphasis on
the last abrasive. It was concluded from the experimental results that chromium oxide is an
important abrasive material for chemo-mechanical polishing of silicon nitride. It not only
facilitates in the material removal process by the fonnation of reaction products (chromium
silicate) but also influences the oxidation of the silicon nitride workmaterial directly. The
present investigation mainly focussed on the issues involved in the determination of the
chemical reactions occurring between silicon nitride and chromium oxide.
It would be valuable to consider the material removal mechanisms involved in
polishing of silicon nitride workmaterial with other abrasives, including Fe203' Ce02,
MgO. Also, a more detailed analysis of the interactions between roron carbide abrasive and
silicon nitride workmaterial would be helpful in identifying the micromechanisms of
material removal. Also, more work is needed in the analysis of the wear debris using both
SEM with X-ray microanalyzer and X-ray diffraction.
Gibb's free energy analysis carried out during this study has facilitated in the
identification of possible reaction products but it alone can not provide the infonnation
required for the detennination of the kinetics of the reactions involved. This has to be
carried out in a separate study and then it would be possible to predict the rates of material
removal in chemo-mechanical polishing. The material removal rates, measured in the
present experimental work, are a result of the sum of the two modes of material removal,
namely, mechanical removal and chemical removal. By conducting the reaction kinetics
study, it would be possible to separate the two modes and control the process in order to
yield the optimum material removal rates besides giving the best possible surface finish.
I 1 3
Figure 9.1 explains the activation energy concept from the mechanical polishing and
chemo-mechanical polishing, where E* represents the amount of energy lowered by the
action of friction for the chemical reaction to proceed [Karaki-Doy, 1993]. The energy Eo
is the energy which would be required if the process is mechanical removal alone. Thus,
the difference in energies give the energy required for mechanical material removal coupled
with chemical reaction.
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Figure 9.1 Relationship between chemo-mechanical polishing and activation
energy
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After perfonning these studies and Arrhenius plots can be developed for various
situations. Controned experiments must be carried out in order to validate the results
obtained. The Arrhenius plots reported in the literature are mainly concerned with the
determination of the activation energies required in the case of oxidation of silicon nitride in
air and hydrothermal oxidation of silicon nitride. However, Xu et al (19941 attempted to
detennine the activation energies involved in the cherne-mechanical polishing of silicon
nitride. They have conducted experiments in a high pressure autoclave which could
generate pres.sures high enough to keep water in the liquid state up to temperatures of the
order of 400 °C. The results obtained could predict a reduction in the activation energy in
the case of cherno-mechanical polishing of silicon nitride. These experiments can not be
conducted. in air, as some of the experiments in the sequence proposed later would require
the precise measurements of the reaction products. Collection of wear debris from the
experiments would be more accurate in water than in air. Moreover, while Gibb's free
energy analysis could not provide the infonnation about the kinetics of the process, it did
provide an important information in that the oxidation of silicon nitride is dominant in water
up to a temperature of 700 °c beyond which oxidation is more dominant in air.
Silicon nitride samples were rubbed against each other in water at vary low
velocities (of the order of few centimeters per minute) and the temperatures were
maintained high so as to account fOT the generation of flash temperatures in a real life
situation where high relative velocities generate high flash temperatures. But, their study
could not tot:a11yeliminate the effect of stresses exerted on the sample which would favour
the oxidation. Further, the action of abrasives have not been studied in a detailed manner.
Application of stresses on silicon nitride was found to increase the oxidation of silicon
nitride material [Gogotsi and Grathwohl, 1993].
From the present experimental results chromium oxide was found to directly
involve in the oxidation of silicon nitride by fonning chromium nitride instead of acting as a
catalyst as per the previous investigators. Therefore, if the experiments must consider
these both effects in order to validate the experimental results from the following algorithm
proposed. This algorithm is proposed to solve for the detennination of the material
removal rates from the chemical mode and the mechanical mode.
There are five sets of experiments required for providing the complete information
about tbe various steps involved in the cherno-mechanical polishing of silicon nitride. Pin
on disc experiments would be the most ideal experiments for this study as the set up can be
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immersed in water and the temperature and pressure can be controlled with the help of an
autoclave. The material of the pin can be changed to the abrasive in ,question to slide on the
silicon nitride disc. The following assumptions are made for this study.
1. Temperatures under which the experiments conducted in aU the five sets are
identical.
2. The surface of the disc is assumed to be perfectly flat
3. Thickness of silica layer on the samples prior to the stan of the
experiments is unifonn. It should be detennined from the XRD.
4. Depth of cut or the area ofcontact between the pin and the disc
is maintained uniform irrespective of the hardness of the pin
ma~eriaJ chosen for the study. This depth of cut should never
exceed the thickness of the silica layer as it would remove
material from the parent substrate in which case the
measurements would be redundant.
5 . The depth of cut in each case could be detennined prior to the
experiment with the help of Henzian stress approach. The load
applied should be accordingly modified so as to yield the same amount of
stress in each case.
The first set of experiments is the oxidation of silicon nitride in water. Silicon
nittide sample should be heated in water up to temperatures of 500 °c in a high pressure
autoclave. The sample is held stationary and the pressure and temperature of the autoclave
are increased. The weight gains obtained from the measurements should be plotted against
the reciprocal of temperature to yield the first plot. This result is already available in the
literature from which it was determined that the activation energy required for the
hydrothermal oxidation is about 108 KJ/mole. [Contet et aI., 1987]. The slope of the plot
gives the activation energy for the hydrothermal oxidation in the absence of stress.
The second set of experiments is to conduct mechanical polishing of silicon nitride
using silicon carbide abrasives in water. Polishing should be conducted. at various speeds
that would generate the flash temperatures as in the fITst set. There are two rates involvee!
in this measurement. They are 1) silica produced due to the application of stress 2) silica
removed due to the mechanical action.
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The third set of experiments is (0 polish silicon nitride with chromium oxide. The
speeds of polishing are accordingly modified taking imo consideration the thermal
properties of the couple to yield the same flash temperatures as in the previous case. There
are four rates involved in this case. They are 1) silica produced due to the enhanced
oxidation because of chromium oxide. 2) silica produced due to the application of stress 3)
silica removed due to the mechanical abrasion, and 4) chromium silicate removed due to the
cbemo-mechanical action.
The fourth set of experiments is to conduct experiments using Silicon nitride pin on
silicon nitride disc at low velocities. Temperatures should be controlled using the pressure
of the autoclave. Speeds should be selected in such a way that material does not get
removed due to abrasion. There is only one rate involved in this case which is the
fonnation of silica due to the application of stress alone.
The final set of experiments is conducted using chromium oxide pin on a silicon
nitride disc in ESEM. The relative velocities should not be high enough to form chromi urn
silicate. If the fonnation of chromium silicate is unavoidable at any speed, then it is
preferred that experiment be conducted keeping the pin stationary (diffusion couple test).
This set of experiments would yield two rates. 1) silica fonnation due to the application of
stress 2) silica fonnation due to the action of chromium oxide.
The following calculations would yield correct results in separating all the tenns
involved.
1) Rates from SET 1 - Rates from SET 2 = Rate of silica fonnation due to the
application of stress.
2) Rates from SET 4 - Rates from SET 2 = Rate of silica removal due to
mechanical mode.
3) Rates from SET 5 - Rates from SET 4 = Rate of Silica fonnation due to the action
of chromium oxide.
4) Rates from SET 4 - Rates from SET 3 = Rate of silica removal due to mechanical
action + Rate of Chromium silicate removal due to mechanical action + Rate silica
fonnation due to the action of chromium oxide.
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5) STEP 4 - STEP 3 =Rate of silica removal due to mechanical action + Rate of
chromium silicate removal due to mechanical action.
6) STEP 5 - STEP 2 = Rate of Chromium silicate removal due to cherno-mechanical
action.
Thus, Steps 2 and 6 provide the most imponant infonnation form which the
activation energies can be back caliculated and the problem can be effectively solved. The
experiments must be complimented with the SEM and XRD studies which facilitate in
determining the controlling parameters for the chemo-mechanical polishing process and
thus, would facilitate in detennining the optimum polishing conditions.
Using this approach, the action of other oxide abrasives such as magnesium oxide.
cerium oxide and iron oxide could be found out and the optimum polishing conditions for
them also could be detennined.
However, caution must be exercised in providing the information as the
experimental sequence requires high accuracy and there is bound to be some error from the
experimental work. Therefore, error limits should be specified while providing the
information. The tests should be conducted in an autoclave even if the speeds are higher as
in real life situation. This provides an effective enclosure for the set up and erroneous
measurements can be minimized.
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APPENDIX A
HEAT TRANSFER MODELING AND FLASH TEMPERATURE CALCULAnON IN
MAGNETIC ABRASIVE FINISHING
Temperature is the crucial parameter which detennines the possibility and the rate of
chemical reaction that occurs between the workmat~rial and the abrasive during cherno-
mechanical polishing. It is somewhat impractical to measure the temperatures at the point
of contact experimentally,. as it is not only cumbersome but also uneconomical solution.
Therefore, heat transfer model developed by Hou and Komanduri (1994) utilizing the
moving heat source approach and Jaeger's solutions was used to determine the flash
temperatures generated at the point of contact between the abrasive and the work material.
The theoretical background for the model developed by Hou and Komanduri is presented in
this section.
A.I HEAT TRANSFER MODELLING OF POLISHING
In the magnetic abrasive finishing of rollers, abrasives apply pressure on the
cylindrical surface of the roUer and due to the action of Hertzian stresses, a contact area is
established at the point of contact which can be determined from calculations. During the
rotation of the roller, abrasive slides on the surface of the roUer making the contact area to
slide along the roller surface .. The real shape of the contact can be assumed to be a disc
with a diameter of about 10-20 mm depending upon the hardness of the work piece and
abrasive. The rod has a sliding velocity v, which generates heat at the rate of q at the real
area ofcontact, which is given by,
q =p . m . v . 2.342 callsec
where
p is the load in Kgf"
m is the coefficient of friction
v is the resultant sliding velocity in m/sec
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The moving disc heat source problem can be solved by assuming the disc consisted
of many concentric rings. Each ring moves on the surface of the rod with a resultant
velocity v which is actually the vector sum of the surface velocity of the rod and the
oscillating velocity of the abrasive sliding on the rod. Figure. A.I shows the schematic of
the moving ring heat source problem [Hou, Z. B., and R., Komanduri, 19941.
Consider a moving ring heat source continuously liberating heat qrg (cal/sec) and
moves along x-axis with velocity v (em/sec). The problem is to detennine the temperature
rise at point M(x,y,z) after a time t (in seconds) after the heat source begins to move.
The solution to this problem is given by the following equation.
qrg v ~ X= 161ap3/2 L exp (- . V) o
where,
'kg is the heat generated at each ring, cal/sec.
v =Sliding velocity in On/sec.
I = Thermal conductivity of silicon nitride, CaVCrn.sec. oc.
a= Thermal diffusivity of silicon nitride, Cm2/Sec.


























Figure. A.l Schematic of the moving ring heal source problem [Hou and Komanduri,
1994]
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w = a dimensionless number in the limit equals the upper limit of the integral,
ro = radius of the ring, em.
Each disc is now can be assumed (0 be a the assembly of number of such concentric
rings placed one in another. The solution for this problem is simply the algebraic sum of
the temperature rise detennined! by each ring using equation (l), which upon simplification
is modified to yield the solution for an infinite body,
e _ qrg v ~M - 16 L I L a L p3/2 L. exp (- XV)
(O.1777KR1(U) +O.563KR2(u) +O.274KR3(u)] ~ (2)
where,
00
KR1(u) = f dw ( U2 )w3/2 L exp O.967p -w - 4w
0
00
KR2(u) = J dw ( U2 )w3/2 L exp 0.431p -w - 4w
0
00
KR3(u) = f dw ( U2 )w3/2 L exp - 2.245p -w - 4w
0
rov2 A I( 2 W)2 2 v




The solution for a semi-infinite body, as in the present case is given by the
following equation.
1=t1qrg v XV
=8 ~ 1 ~ a ~ 3/2 exp ( - ) .L
£.. £.. £.. P 1=0
(0. 1777KRt(u) + 0.563KR2(u) + O.274KR3(u)}~ (3)
where,












)w3/2 L exp O.967p-w - 4w
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)w3/2 L exp 0.431 p-w - 4w
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)w3/2 L exp -2.245p-w - 4w





A. 2.. Steps Taken for the Calculation of Flash Temperature Using Moving Disk Heat
Source Model
1. Surface velocity is detennined by obtaining the resultant of the rotational
velocity of the rod and translational velocity of the abrasives sliding on the rod.
2. Number of abrasives taking part in the polishing were detennined by ratio
of the area of magnetic holder and the cross sectional area of the abrasive. The assumption
used here was the abrasives are in the form of a mono layer on the surface of the rod.
3. Total force acting is the ratio of polishing pressure to the area of magnetic
holder. Load per abrasive is the ratio of total force and the number of abrasives taking part
in the polishing.
4. The radius of contact was detennined from the Hertizean stress equation.
= (1.5 * W * R'}I/3
a E'
where
W is the load per abrasive,
R' is the equivalent radius,




Rl is the radius of the sphere,
Rz is the radius of the flat surface ( in our case,
Rz =0 since cylinder surface when compared to the
abrasive radius is assumed to be flat.




E' is the equivalent Young's modulus,
E} is the Young's modulus of the work piece,
E2 is the Young's modulus of the abrasive,
Vi is the Poisson's ratio of work piece,
V2 is the Poisson"s ratio of the abrasive.
6. Heat developed was determined by the product of the load and the sliding
velocity and coefficient of friction.
7 . Fraction of heat contributing to the temperature rise is a linear function of
thermal conductivities of the Silicon Nitride work piece, Chromium oxide Abrasives and
the Volume fraction of Iron powder used in the polishing.
8. Heat dissipated into the work piece is responsible for the temperatures (flash
temperatures) generated in the work piece.
9. Flash time is calculated in the following manner:
i) calculate from the temperature plots, the total distance in the vicinity of the
abrasive which exceeds 100 oc.
ii) divide this distance by the sliding velocity obtained in step 1 to yield the flash
time.
10. To determine whether the abrasive adjacent to the present abrasive has any
effect on the cumulative rise in the flash temperature, the time taken by the adjiacent
abrasive to reach the pre sent abrasive position is calcul,ated. This is simply the ratio
between the center distance between the abrasives and the sliding velocity. If this time is
higher, then, there is no cumulative effect.
A.3. Sample Calculations Using the Moving Disk Heat Source Model
Polishin2 conditions:
1. Polishing pressure, p =5 PSI
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2. Diameter of the silicon nitride rod, D =25 mm
3. Rotational speed of the rod, N =2000 rpm
4. Oscillational frequency of the magnetic head, f = 25 Hz
5. Amplitude of oscillation of the magnetic head, A =0.25 em
6. Width of the magnetic head, L = 1.0 Cm
7. Size of the magnetic abrasives =400 mm
8. Volume fraction ofImn powder, v =60%
PrQperties of materials:
1. Thermal conductivity of Silicon nitride, 11 =0.026 W/m. OK
2. Thermal conductivity of Chromium oxide, 12 =0.076 W/m. OK
3. Thermal conductivity of Iron powder, = 0.2 W/m. OK
4. Thermal diffusivity of silicon nitride, a = 0.039 Cm2/Sec.
5. Heat capacity of silicon nitride, C = 0.202 CaVgm. OK
6. Density of silicon nitride, r = 3.3 gm/cc
7. Elastic modulus of silicon nitride, E 1=304 OPa
8. Elastic modulus of Chromium oxide, EZ = 103 OPa
9. Poisson's ratio of silicon nitride, n I = 0.25
10. Poisson's ratio of chromium oxide, n 2 =0.24
SPECIMEN CALCULATIONS:
1. Surface velocity of the abrasives, VI =P D N 16000
= 3.14 x 25 x 2000/60000
= 1.57 m/sec.
2. Oscillational speed of the magnetic head, VI =2 x Amp x Freq 1100
2 x 0.25 x 25 I 100 = 0.125 mlsec
3. Relative velocity between the abrasive and work piece,
V =[V2 j + V2d2
V = 1.575 m/sec.
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4. Number of abrasives = p. 0.5 . D . L I abr. size2.
= 3.14 x 0.5 x 25 x 10/400 x 400 X 10.6
= 2455.
5. Effective young's modulus, E' is given by,
E' = ----"-----
1 - 0.242 + 1 - 0.252
103 x 1()9 304 X 109
E' = 8.17 x 1010
6. Effective radius of contact, R' is given by,
Where R] is the radius of the abrasive, and R2 is the radius of the roller at the point
of contact. ~ is is actually, infinity when compared to Rl, as the radius of the cylindrical
surface which is assumed to be a straight line compared to the radius of the abrasive.
R t =__--""'-1 _
1
0.5 x 400 x 10.3
R'=0.2mm.
7. Total load on the rod =polishing pressure. 0.5 . P . rod. dia. 10 .
length of heat sourcel 25.4 . 25.4
= 5. 0.5 . p . 25 . 10 I 25.4 . 25.4
= 3.04 lb.
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8. Load per abrasive, w = Total load / number of abrasives
= 3.04/2455
= 0.0012 lb.
9. Radius of contact, a' is given by,
a' =[ 1.5 .;, . R' ] 1/3
a' = [ 1.5 . 0.0012 .(9.81/2.2). 0.2. (10-4) //3
. 8.17 . 1010
= 0.0000014 m.
= 1.4 mm.
10. Total amount of heat produced during polishing at the plane heat
given by,
source, Q IS
Q = (w . m . v . 2.342) . 2
(For semi-infinite body, heat produced
will be twice that of infinite bcxly)
=(.0012 . (4.448/9.81). 0.1 . 1.57 . 2.342). 2
= 0.0004 Call Sec.
11. Fraction of heat that goes to the work piece, x is given by,
x = ASiJN4
ASh-N4 + {[100 - % o~&fn content ]. A.cr20:! +[ 0.01 . % of Iron content. AFc ] }
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x = 0.026
0.026 + {[ 1~0060 }. 0.078 +[ 0.01 . 60. 0.2 ] }
X= 0.147"'" 0.15
12. Amount of heat that goes to Silicon nitride work piece, Qwp is given by,
Qwp = Q . x = 4. 02 X 10-4. 0.15
= 6.03 x 10-6 Cal/Sec.
Temperature rise from the above model is shown in Figures A.2 and A.3. As the
polishing pressure increases, the flash temperatures produced also increase. As the
rotational speed of the rod increases, the flash temperatures also increase. Thus, the flash
temperatures produced during the polishing of silicon nitride rods in air varied from 1200
to 2000 OCr
FLASH TIME DETERMINAnON
Flash time can be calculated by measuring the distance on the plot which is above a
certain temperature, and dividing by the velocity of the abrasives. In other words, the time
taken by the point below the abrasive (say T 1), to cool from a certain temperature to the
temperature selected. If this time is more than the time taken (say T2)' for the next abrasi ve
to reach this present location, there would be a cumulative effect of the abrasives on the rise
of flash temperatures on the rod, otherwise, there would be no cumulative effect.
Considering the Temperature rise plot of Figure A.2, for 5 p.s.i. polishing pressure, the
flash time for 200 DC rise can be found by,
13. (a) Flash time for 200 0c rise T] is given by,
T] = -25 - (-80). 10-6 /1.57 = 35.0 m Sec.
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(b) Time taken by the next abrasive to travel from 400 mm (center to center distance
between the abrasives) to -25 mm (the point after which the flash temperature is more than
200 oC, T2 is given by,
T2 =400 + (-80) . 10-6 / 1.57 = 204 m Sec.
Since T 1 < T2 ' there would be no cumulative effect of the abrasive on the flash
~emperature rise of the rod.
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TEMPERATURE VARITATION WITH POLISHING PRESSURE
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Figure A.2 Flash Tcmpc8tun: Raise wilh polishinl pressure
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